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1. RESUMEN
Durante años, la angiografía coronaria constituyó la única herramienta para poder 
diagnosticar y valorar las consecuencias de la aterosclerosis coronaria, constituyéndose como la 
referencia estándar en el estudio de la cardiopatía isquémica y dando origen a una terminología 
que todavía utilizamos de forma rutinaria para describir la severidad de las estenosis coronarias o 
la gravedad de la enfermedad en base al número de vasos afectados. Posteriormente, la 
introducción de métodos invasivos para valorar la fisiología coronaria permitió obtener una 
evaluación precisa respecto a la repercusión fisiológica de las estenosis coronarias epicárdicas, al 
tiempo que demostró el bajo rendimiento diagnóstico de la angiografía para valorar la repercusión 
funcional de las estenosis coronarias. Entre las técnicas de fisiología coronaria, la reserva 
fraccional de flujo coronario (FFR) y el cociente instantáneo libre de ondas (iFR) son las dos más 
utilizadas en la actualidad y actualmente son recomendadas en la práctica clínica para decidir si la 
revascularización coronaria esta indicada. Ambas técnicas recibieron el grado máximo de 
recomendación en las últimas guías europeas de revascularización miocárdica en el contexto de 
estenosis de grado moderado o de severidad dudosa en pacientes con cardiopatía isquémica 
estable. Sin embargo, pese a su demostrado valor clínico, la adopción a gran escala de estas 
técnicas de fisiología es todavía limitado. Se ha señalado que una de las causas que subyacen a la 
infrautilización de del FFR es que precisa la inducción de estrés farmacológico mediante el uso de 
fármacos vasodilatadores como la adenosina, que provoca efectos secundarios y conlleva un coste 
económico añadido, especialmente en un escenario muy frecuente como el de la enfermedad 
multivaso. Pero sin duda ello obedece también al hecho de que la validación del FFR se realizó 
fundamentalmente en subgrupos clínicos y anatómicos específicos, como las estenosis de 
severidad intermedia y la enfermedad coronaria estable. Ello limita la aplicabilidad del FFR y otros 
índices fisiológicos en otros escenarios muy frecuentes, como los síndromes coronarios agudos o 
la enfermedad del tronco común izquierdo, o los pacientes diabéticos. Por último, es de reseñar 
que los índices de presión intracoronaria comparten con la angiografía coronaria una importante 
limitación: no proporcionar información sobre el estado de la microcirculación coronaria. Este 
obstáculo impide no sólo el diagnóstico de causas no obstructivas de isquemia miocárdica, sino 
que también obstaculiza el avance del conocimiento de tratamientos farmacológicos específicos 
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que puedan aportar un beneficio clínico a través de la modificación de este importante dominio de 
la circulación coronaria. 
El compendio que constituye esta tesis titulada “Aplicaciones de la Fisiología Coronaria en 
escenarios clínicos y angiográficos complejos” está dividido en tres partes. En la primera parte se 
realiza un breve repaso de la historia y las nociones básicas sobre los índices fisiológicos 
intravasculares de presión para la evaluación de la cardiopatía isquémica con distintas técnicas de 
fisiología coronaria. Se realiza también un análisis de los cuadros angiográficos y clínicos 
complejos en los cuales las aplicaciones de la fisiología presentan todavía limitaciones o están 
siendo objeto de investigaciones como en la enfermedad del tronco común izquierdo, la 
enfermedad multivaso y en el síndrome coronario agudo, proporcionando nuevos datos y 
perspectivas en relación al uso de la fisiología en estos tres marcos. Se introduce finalmente la 
importancia de la microcirculación en el estudio de la disfunción microvascular.  
La segunda parte está compuesta por varios capítulos y contiene tres artículos originales 
publicados en revistas internacionales. Son estudios originales en los que se utilizan diferentes 
técnicas metodológicas y estadísticas que van desde un diseño de estudio prospectivo hasta el uso 
de tecnicas de metaanálisis "study-level", “patient-level” y finalmente en el diseño y desarrollo de 
un ensayo clínico randomizado, multicéntrico. El objetivo de cada uno de estos trabajos de 
investigación es intentar proporcionar información novedosa en varios aspectos de la fisiología 
coronaria en en los tres escenarios clínicos discutidos en la introducción. 
El primer estudio, prospectivo y multicéntrico, demuestra que en el contexto de la 
enfermedad multivaso el uso de técnicas de fisiología combinadas pueden constituir una estrategia 
válida para incrementar la adopción global de la fisiología intracoronaria cuando otros índices no 
hiperémicos no están disponibles. 
El segundo es un metaanálisis "a nivel de estudio" enfocado en el estudio de una estenosis 
moderada del tronco común izquierdo basado en el uso del FFR o del ultrasonido intravascular 
muestra un riesgo de eventos aceptable y similar para ambas técnicas, aunque varias variables 
diferentes relacionadas con cada técnica demuestran una interacción específica en el resultado. 
 Finalmente un tercer estudio a través de una técnica de metaanálisis “a nivel de pacientes” 
analiza la mayor cantidad de datos disponibles actualmente sobre el uso del FFR en el contexto 
del síndrome coronario agudo y muestra cómo diferir la revascularización con el uso del FFR en 
arterias no culpables del infarto miocárdico agudo tiene una mayor incidencia de eventos 
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cardiovasculares mayores cuando se compara con diferir la revascularización en el contexto de la 
angina estable. 
A continuación se presenta el estudio PREDICT, un ensayo clínico randomizado, 
prospectivo, multicéntrico y original con el objetivo de investigar el efecto protector del fármaco 
antiplaquetario Ticagrelor en la microcirculación en el marco de la intervención coronaria 
percutánea en pacientes con diabetes mellitus reportando la publicación del protocolo de estudio 
y los resultados obtenidos. Es importante destacar que este ensayo clínico fue realizado 
íntegramente durante el período de doctorado y sus resultados, pendientes de publicación, se 
reportan por primera vez en esta tesis.  
La tercera parte contiene un listado de las publicaciones que componen esta tesis y de otras 
130 publicaciones en revistas internacionales no incluidas pero relacionadas con el tema del 
tratamiento médico o intervencionista de la cardiopatía isquemia y la utilización de técnicas de 
evaluación de la fisiología coronaria o del imaging intracoronario. La mayoría de estas 
publicaciones se realizaron durante el periodo del doctorado de manera conjunta con instituciones 
internacionales involucradas en estos temas de investigación, con las cuales se realizaron proyectos 
de colaboración estableciendo sinergias de trabajo que van más allá del contenido de esta tesis y 
que constituyen una posibilidad para continuar el presente tema de investigación en el futuro. 
1. ABSTRACT
Cronary angiography was, for many years, the only available tool to diagnose and assess the 
consequences of coronary atherosclerosis, becoming the standard reference in the study of 
ischemic heart disease allowing to routinely describe the severity of coronary stenosis or the 
severity of the disease based on the number of vessels affected. Subsequently, the introduction of 
invasive methods to assess coronary physiology allowed to obtain a precise assessment regarding 
the physiological impact of epicardial coronary stenoses, while demonstrating the poor diagnostic 
performance of angiography to assess the functional impact these stenoses. Among the coronary 
physiology techniques, the fractional flow reserve (FFR) and the instantaneous wave-free ratio 
(iFR) are the most used and are currently recommended in clinical practice to decide whether 
coronary revascularization is indicated. Both techniques received the highest grade of 
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recommendation in the latest European guidelines for myocardial revascularization in the context 
of intermediate or doubtful stenosis in patients with stable ischemic heart disease (SIHD). 
However, despite a growing body of evidence supporting the value of physiology in detecting 
ischemia, the large-scale adoption of this technique is still limited. It has been pointed out that one 
of the causes underlying the underuse of FFR is that it requires the induction of pharmacological 
stress through the use of vasodilator drugs such as adenosine, which potentially causes side effects 
and an additional cost, especially in a case of need of multiple interrogation in the same coronary 
tree. Besides, this is certainly due to the fact that the FFR validation was carried out mainly in 
specific clinical and anatomical subgroups, such as stenoses of intermediate severity and SIHD. 
The safety of revascularization deferral on the ground of FFR or other physiological indices is also 
limited in other common clinical settings, such as acute coronary syndromes (ACS), left main 
coronary artery (LMCA) disease or diabetic patients. Lastly, it should be noted that intracoronary 
pressure indices share an important limitation with coronary angiography: they do not provide 
information on the state of the coronary microcirculation. This obstacle not only prevents the 
diagnosis of non-obstructive causes of myocardial ischemia, but also hinders the advancement of 
knowledge of specific pharmacological treatments that can provide clinical benefit through the 
modification of this important domain of the coronary circulation. 
The compendium that constitutes this thesis entitled "Implementation of Coronary 
Physiology in complex clinical and angiographic scenarios" is divided into three parts. The first 
part provides a brief review of the history and basic notions of intravascular physiological pressure 
indices for the evaluation of SIHD with different techniques. Complex angiographic and clinical 
scenarios in which the applications of physiology are still limited or under investigation are 
reported, providing new data and perspectives regarding the use of physiology in challenging 
settings such LMCA disease, multivessel disease (MVD) and ACS. The importance of 
microcirculation in the study of microvascular dysfunction is finally introduced. 
The second part is composed of several chapters and contains three original articles 
published in international magazines. Different methodological and statistical techniques are used, 
ranging from a prospective multicenter study to a study-level and a patient-level meta-analysis up 
to the design and development of a multicenter randomized clinical trial. Each of these studies 
aims to provide novel information on various aspects of coronary physiology in the three clinical 
scenarios discussed in the introduction. 
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The first prospective, multicenter study shows that in the context of MVD, the use of 
combined physiology techniques may constitute a valid strategy to increase the global adoption of 
intracoronary physiology when other non-hyperemic indices are not available. 
The second is a "study level" meta-analysis focusing on LMCA intermediate stenosis 
investigated using either FFR or intravascular ultrasound imaging. An acceptable and similar risk 
of events was documented for both techniques, while several different clinical and anatomical 
conditions related to each technique showed an interaction with outcome. 
 A third study using a “patient-level” meta-analysis technique analyzes the largest amount 
of data currently available on the use of FFR in the context of ACS showing a significant worse 
prognosis when a non-culprit lesion in the setting of an ACS is deferred compared with a 
revascularization deferral of an intermediate stenosis in SIHD. 
The randomized, prospective, multicenter and original clinical trial “PREDICT” is also 
presented in this part reporting the publication of the study protocol and results obtained. This 
study provides novel insight on the protective effect of the antiplatelet drug Ticagrelor on 
microcirculation during percutaneous coronary intervention in patients with diabetes mellitus 
showing that Ticagrelor was associated with a significant decrease in microcirculatory resistance 
compared to Clopidogrel. Of note, this clinical trial was carried out entirely during the doctoral 
period and its results are reported for the first time in this thesis. 
The third part contains a list of the publications included in this thesis along with 130 other 
publications in international journals mostly related to medical or interventional treatment of 
ischemic heart disease using intracoronary physiology or imaging. Most of these publications were 
made during the doctoral period involving other international institutions committed in these 
research topics, establishing strong synergies that are beyond the content of this thesis and 












2. ABBREVIATIONS AND ACRONYMS 
 
3VD: Three Vessel Disease 
ACS: Acute Coronary Syndrome 
ACS-NSTE: Acute Coronary Syndrome with non-ST Segment Elevation  
CABG: Coronary Artery By-Pass Grafting 
CAD: Coronary Artery Disease 
CFR: Coronary Flow Reserve 
CVD: Cardiovascular Disease 
DES: Drug Eluting Stent 
ECG: electrocardiogram 
FFR: Fractional Flow Reserve 
HR: Hazard Ratio 
iFR: instantaneous wave-free ratio  
IMR:  Index of Microcirculatory Resistance  
IQR: InterQuatileRange 
IVUS: Intravascular Ultrasound Imaging 
LAD: Left Anterior Descending 
LCX: Left Coronary Artery 
LMCA: Left Main Coronary Artery 
MACE: Major Cardiovascular Events 
MI: Myocardial Infarction 
MVD: Multivessel Disease 
MVI: Microvascular Injury  
NHPR: non-hyperemic pressure ratios 
NSTEMI: non-ST-Elevation Myocardial Infarction 
OMT: Optimal Medical Therapy 
PCI: Percutaneous Coronary Intervention 
PPCI: Primary PCI 
RCA: Right Coronary Artery 
RCT: Randomized Clinical Trial 
SAP: Stable Angina Pectoris 
SIHD: Stable Ischemic Heart Disease 
STEMI: ST-Elevation Myocardial Infarction 
T2DM: Type 2 Diabetes Mellitus 
UA: Unstable Angina 
 
Due to their widespread use in scientific literature acronyms in English will be used throughout the thesis. 






3.1. Limitation of angiography in the decision-making process of coronary revascularization  
Selective coronary angiography was pioneered by Sones1 in 1958. For many years, invasive 
coronary angiography was considered to be the gold-standard test for the identification of flow-
limiting coronary artery disease (CAD). Atherosclerotic coronary artery narrowings, which 
provoke myocardial ischemia are the most common cause of angina pectoris and lead to adverse 
cardiac events. Although invasive coronary angiography remains the primary method for 
identifying coronary artery stenoses, in the past decade, a growing body of evidence have 
demonstrated pitfalls related of angiographic lesion assessment. This was largely due by the belief 
that ischemia must be assessed by visual assessment alone based on the severity of the coronary 
stenosis. However, this two-dimensional angiographic approach roughly simplifies the three-
dimensional structure of the coronary vessel as well does not allow to evaluate the degree of 
ischemia in relationship with the area of subtended myocardium supplied by the target vessel. 
Several reports have described the discordance between anatomic and functional assessment of 
coronary lesions, showing that anatomically significant but hemodynamically non-significant 
lesions or, as opposite, anatomically non-significant but hemodynamically significant lesions were 
far from be marginal2 and could consequently lead to a completely wrong treatment of the disease.  
 
3.2 Development of intracoronary physiology indices  
The diagnostic capacity of coronary angiography alone was therefore questioned due to its 
limitations in the comprehensive study of the mechanisms causing myocardial ischemia. 
Consequently, the research focused on identifying a tool that would allow, in a practical and simple 
way, to obtain precise information on the true physiological impact of coronary stenosis. After 
long years of research coupled by technological improvements, two milestone physiology indices 
were finally developed: the coronary flow reserve index (CFR)3, and the fractional reserve index 
(FFR)4. The first index is obtained from measurements of coronary flow at rest and during 
pharmacological stress. CFR integrates information on the state of the epicardial coronary arteries 
and coronary microcirculation allowing to estimate the overall capacity of the coronary tree to 
meet myocardial oxygen demands during a stressful situation and could be obtained both 
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invasively (through a dedicated intracoronary Flow-wire or Doppler-wire) or non-invasively5, 
using conventional echocardiography6, myocardial contrast perfusion echocardiography7 or 
Positron Emission Tomography (PET) scanning8. Several studies were performed demonstrating 
the ability of Doppler wire-derived CFR to identify physiologically important coronary narrowings 
and to guide percutaneous coronary intervention (PCI)9. These experiences, however, highlighted 
some important limitations of this technique, which hindered its implementation in everyday 
clinical practice including (i) technical aspects of obtaining an acceptable Doppler signal (ii) the 
lack of an absolute normal value of CFR (iii) alterations of resting flow conditions (i.e. changes in 
heart rate, blood pressure, left ventricular contractility) which may affect the reproducibility of 
CFR10. Finally, as mentioned before, CFR interrogates the status of the entire coronary circulation, 
both the epicardial vessel and the microcirculation limiting the use of CFR for separating ischemia-
producing epicardial disease from concomitant microvascular dysfunction.  
Differently, FFR is obtained from invasive measurements of coronary pressure, using 
intracoronary guides specifically developed for this purpose. Its determination requires 
vasodilation of the microcirculatory tree through the use of hyperemic drugs such as adenosine. 
The FFR makes it possible to specifically and accurately assess how an epicardial stenosis affects 
myocardial perfusion in the corresponding coronary territory, and indirectly represents the 
percentage of the maximum coronary blood flow obtained through a coronary stenosis, with 
respect to the maximum flow that would be expected to be found in the absence of such stenosis4. 
In clinical practice, the measurement of intracoronary pressure parameters is simpler than the 
measurement of coronary flow parameters and more reproducible than a measurement obtained in 
a resting condition. For all the aforementioned reasons, the FFR demonstrated to be more feasible 
and reproducible, compared to CFR11, and was consequently increasingly incorporated into 
clinical practice.  
In the last decade physiological assessment of CAD has become one of the cornerstones of 
decision making for myocardial revascularization. Beside the FFR, other pressure-based indexes 
for functional assessment of coronary stenoses were developed and largely tested in clinical trials. 
Furthermore, physiology allows to explore microvascular status in patients without obstructive 
CAD. In the next paragraphs different intravascular modalities to assess both the epicardial vessels 
and the microcirculation were briefly described along with current evidence supporting their use 
in clinical practice. 




3.3 Clinical relevance of intracoronary pressure physiological indices 
3.3.1 Intracoronary stenosis evaluation with a hyperemic pressure index: Fractional Flow Reverse 
(FFR) 
The importance of measuring translesional pressure gradients to gain further insight into the 
hemodynamic consequences of an epicardial stenosis has also been recognized for many years. 
Grüntzig et al12 assessed the adequacy of the first percutaneous transluminal coronary angioplasty 





These initial efforts were hampered by the overestimation of pressure gradients because of 
the size of the end-hole catheters used to measure distal pressure and by the lack of use of 
hyperemic agents. Despite early introduction to the field of PCI, practical use of coronary 
physiology in the catheterization laboratory did not begin until the late 1990s because of 
 
Figure 1. First case of percutaneous coronary intervention. In 1979, coronary pressure across the stenosis 
before and after balloon angioplasty was recorded in the first case of coronary intervention. AoP, aortic 
pressure; CM, contrast media; CoP, coronary pressure. Reproduced with permission from (Grüntzig. et al, 
N Engl J Med 1979; 301:61-68.), Copyright Massachusetts Medical 
Implementation of Coronary Physiology in complex clinical and angiographic scenarios 
10 
 
technological and theoretical aspects. After the introduction of the concept of hyperemia, the 
relationship between coronary pressure and coronary flow was actively investigated. FFR was first 
described by Pijls et al. in 19934. The concept of FFR is based on the fact that maximal hyperemia 
could achieve a near correlation between coronary flow and coronary pressure because coronary 
resistance is stable and minimal during maximal arterial dilation. Consequently, FFR is defined as 
the ratio of mean distal pressure (Pd) relative to mean aortic pressure (Pa) during maximal 
hyperemia induced by vasodilating agents. Taking into account stenosis severity, myocardial 
territory and viability, and collateral perfusion, FFR is able to assess the functional significance of 
CAD. The cutoff value to detect significant ischemia was suggested to be 0.75 by a relatively small 
study, which demonstrated high diagnostic performance of FFR, with a sensitivity of 88%, 
specificity of 100% and accuracy of 93% compared with dobutamine stress echocardiography, 
stress myocardial perfusion scintigraphy and exercise stress electrocardiography13). Nowadays, 
the best cut-off value to defer PCI in clinical practice is 0.80 after validation in multiple 
prospective, randomized trials (Table 1 and Figure 2). 
 
Three major randomized trials was fundamental in establishing evidence of FFR: the 
DEFER14, the FAME15 and the FAME216 trials. 
a. DEFER (Deferral Versus Performance of PTCA in patients without documented 
ischemia) study: was conducted to evaluate the safety of deferring PCI guided by FFR. In that 
study, patients with stable angina pectoris (SAP) and intermediate stenosis but FFR >0.75 were 
randomized to deferral (deferral group) or revascularization (perform group). Subsequent to this 
original report, long and longer-term follow-up of the DEFER cohort is now available at 5 years17 
and 15 years18. Event-free survival did not differ between the deferral and perform groups. 
According to this findings, in patients presenting with SAP with FFR >0.75 stenting did not 
decrease the risk of cardiac events for CAD. 
b. FAME (Fractional Flow Reserve Versus Angiography for Multivessel Evaluation) 
study: the second RCT study was performed to assess the effectiveness of FFR-guided PCI 
compared with angio-guided PCI in patients with multivessel CAD. In this trial, 1005 patients with 
at least 50% stenoses of the vessel diameter in at least 2 of the 3 major epicardial coronary arteries 
were randomly assigned to undergo PCI with drug-eluting stents (DES) guided by FFR 
measurements or guided by angiography alone. The cutoff value for decision-making was 0.80. 
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The result indicates that FFR-guided PCI significantly reduced the rate of MACE (death, nonfatal 
myocardial infarction, and repeat revascularization) at 1 year (13.2% vs 18.3%; 95% CI, 0.54 - 
0.96, p = 0.02). Consequently, the cutoff value of 0.80 became the threshold to define stenoses 
generating significant ischemia. 
c. FAME 2 (Fractional Flow reserve-Guided PCI versus Medical Therapy in Stable 
Coronary Disease) Study: The third trial was the FAME 2 study to examine whether FFR-guided 
PCI plus optimal medical therapy (OMT) was superior to OMT alone or not. This RCT was 
designed to enroll 1220 patients with 2-year clinical follow-up. However, due to an unexpected 
higher occurrence of urgent revascularization in OMT alone group the study was halted with a 
mean follow-up of 7 months. In summary, FFR-guided PCI plus OMT, as compared with OMT 
decrease the need of urgent revascularization. No definite conclusions were drawn regarding the 
hard endpoint of death or myocardial infarction.  
 
 
Table 1: Pivotal RCTs in Fractional Flow Reserve and clinical outcome. DEFER: Deferral Versus Performance of 
PTCA in patients without documented ischemia; FAME: Fractional Flow Reserve Versus Angiography for 
Multivessel Evaluation; FAME 2 (Fractional Flow reserve-Guided PCI versus Medical Therapy in Stable Coronary 
Disease). 
Trial Study Design N Follow-up Design Primary 
endpoint 




325 15 yrs PCI with Bare 




survival at 2 years 
follow-up 
PCI when FFR 
≥0.75 do not 
give advantage 









non-fatal MI or 
repeat 
revascularization) 





FAME 2 Multicenter, 
RCT 
888 1 yr  MACE (Death, 
non-fatal MI or 
urgent 
revascularization) 






PCI + OMT 




trial was stop 
prematurely) 
≤0.80 




Despite this growing body of evidence supporting the value of FFR in detecting ischemia, 
the implementation of FFR was marginal in clinical practice. Potential causes for this include the 
following:  
1. prolongation of procedural time especially in case of multivessel coronary disease 
requiring multiple interrogation with repeated boluses of adenosine or prolonged 
intravenous infusion of adenosine; 
2. additional cost for pressure wire and adenosine or other drugs;  
3. discomfort or side effect during vasodilator drugs administration in a non-negligible 
percentage of cases; 
4. failure to achieve maximal hyperemia in specific subset of patients with chronic 
impairment of microcirculation like obese or diabetics 
5. paucity of data regarding the safety of deferral in specific subset such in the context of an 
Acute Coronary Syndrome 
 
Consequently, to simplify and expand the use of functional evaluation of coronary stenosis 
in the real world, especially for those who, for financial, logistic or other reasons, cannot (or do 
not want to) use adenosine, alternative hyperemic agent like medium contrast injection (contrast-
FFR: cFFR) was proposed. Several authors19–21 advocate cFFR as a simple way of inducing a 
somewhat lower degree of hyperaemia that could be enough for disclosing “significant” lesions in 
an important proportion of cases, thus circumventing the use of adenosine. cFFR resulted to be 
reliable in PCI-deferral or treatment when its value was respectively > 0.87 and < 0.84 while a 
“grey-zone” was defined when cFFR falls between 0.84 and 0.87. Studies comparing the 
diagnostic performance with adenosine-derived fractional flow reserve (FFR) concluded that cFFR 
offers a universal technique to simplify invasive coronary physiological assessments. Yet FFR 
remains the reference standard for diagnostic certainty as even cFFR reached only ∼85% 
agreement20. 
Following this concept, a novel hybrid strategy was tested in an original study included in 
the present thesis and will be discussed above (Part II, 2.1.2). 
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3.3.2 Introduction of non-hyperemics pressure ratios (NHPRs) indices: instantaneous wave-free 
ratio (iFR) and other indices 
In 2012 the instantaneous wave-free ratio (iFR) was introduced. iFR measures the ratio of 
distal coronary to aortic pressure during a period in diastole where microvascular resistance is 
naturally stable. By only measuring pressure within this specific portion of the cardiac cycle, iFR 
facilitates the pressure-only assessment of the haemodynamic impact of a coronary stenosis 
without the need of hyperemic agents22,23. The wave-free period was calculated beginning 25% of 
the way into diastole (identified from the dicrotic notch of pressure waveform) and ending 5 ms 
before the end of diastole. The iFR concept has been initially tested in direct comparison with 
FFR22,23. Thereafter, two large randomized trials24,25 in coronary physiology ((2042 patients in iFR 
SWEDEHEART [Evaluation of iFR vs FFR in Stable Angina or Acute Coronary Syndrome], 2492 
patients in DEFINE-FLAIR [Functional Lesion Assessment of Intermediate Stenosis to Guide 
Revascularisation]) randomised patients with coronary stenosis of intermediate severity to undergo 
either FFR-guided or iFR-guided revascularisation, using cut-off values for FFR and iFR of 0.8 
and 0.89, respectively. Both trials included stable angina patients and also those with ACS with 
non-culprit intermediate disease. These 2 RCT reached the same conclusion: iFR-guided PCI was 
noninferior to FFR-guided PCI in the selection of the vessels to be treated or deferred and in the 
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Table 2: Pivotal RCT in instantaneous wave-free ratio and clinical outcome. iFR SWEDEHEART: Evaluation of iFR 
vs FFR in Stable Angina or Acute Coronary Syndrome; DEFINE-FLAIR: Functional Lesion Assessment of 
Intermediate Stenosis to Guide Revascularization 
 
Following these findings, European Society of cardiology (ESC) guidelines26 were revised 
and gave a Class I (Level of Evidence: A) recommendation for guiding PCI in both iFR and FFR  
Since the validation of iFR, other Non-Hyperemics Pressure Ratios (NHPRs) have been 
developed. Actually the ones commercially available are the following three (Figure 2): 
- diastolic hyperemia-free ratio (Boston Scientific, Marlborough, Massachusetts); 
- diastolic pressure ratio (Opsens Medical, Quebec, Quebec, Canada); 
- resting full-cycle ratio (RFR) (Abbott, Abbott Park, Illinois).  




All these three required a dedicated console and wire to be performed. Differently, the ratio 
of distal coronary pressure (Pd) to aortic pressure (Pa) is the oldest NHPRs and it is available with 
all pressure wire. It was validated with FFR and iFR in limited clinical settings even showing an 
excellent agreement with iFR27. Conversely its use is limited by a lower signal-to-noise radio 
contributing to higher influence of pressure drift on measurements28. 
All these 6 NHPRs are identical to iFR both numerically and with respect to their agreement 
with FFR29 and demonstrate in retrospective studies an excellent agreement with iFR30,31(Figure 
3,4). However, differently from FFR and iFR, no RCTs have evaluated the impact of NHPR-
guided PCI on clinical outcomes. There is a great likelihood that they will be non-inferior to FFR 
or iFR-guided PCI and may ultimately result in a wider adoption of physiological assessment in 
everyday practice. 
 
Figure 2. Hyperemic and non-hyperemic wire-based pressure ratios indices 






Figure 3. Wire-based physiological assessment with major trials respectively; DANAMI-3-PRIMULTI = 
Danish Study of Optimal Acute Treatment of Patients With ST-Elevation Myocardial Infarction–Primary 
PCI in Patients With ST-Elevation Myocardial Infarction and Multivessel Disease: Treatment of Culprit 
Lesion Only or Complete Revascularization;; DEFINE FLAIR = Functional Lesion Assessment of 
Intermediate Stenosis to Guide Revascularisation; DFR = diastolic hyperemia-free ratio dPR = diastolic 
pressure ratio; FAME = Fractional Flow Reserve Versus Angiography for Multivessel Evaluation; iFR = 
instantaneous wave-free ratio;iFR-SWEDEHEART = Evaluation of iFR vs FFR in Stable Angina or Acute 
Coronary Syndrome; LIPSIASTRATEGY = Comparison of Pd/Pa Versus FFR in Intermediate Coronary 
Stenoses; RCT = randomized controlled trial; Retro = retrospective; RFR = resting full-cycle ratio; 
SYNTAX = Synergy Between PCI With Taxus and Cardiac Surgery. Reproduction with permission from 
Kogame, N. et al. J Am Coll Cardiol Intv. 2020;13(14):1617 – 38 






3.3.3 Evaluation of Microvascular disease with pressure and flow assessment  
Hyperemic and (NHPRs) indices are a valuable tool to assess obstructive causes of IHD, but 
it does not inform about the concomitant presence of a non-obstructive involvement generally 
secondary to microcirculatory dysfunction. Differently from the large capacitance vessel of the 
epicardium, the microcirculation is controlled through an interplay of metabolic, myogenic, 
endothelial and neural factors all of which may be involved in its dysfunction32,33. Intravascular 
physiology allows the exploration of the microvascular domain in heart disease and has the 
 
Figure 4. Instantaneous wave-free ratio (iFR) is defined as average Pd/Pa during the wave-free period (WFP) 
(pink shaded area). The WFP was calculated beginning 25% of the way into diastole and ending 5 ms before 
the end of diastole (A). Diastolic pressure ratio (dPR) is defined as average Pd/Pa during entire diastole (B). 
Diastolic hyperemia-free ratio (DFR) is defined as average Pd/Pa during Pa less than mean Pa with negative 
slope (B). Resting full-cycle ratio (RFR) is defined as the lowest filtered mean Pd/Pa during the entire cardiac 
cycle (B). Reproduction with permission from Kogame, N. et al. J Am Coll Cardiol Intv. 2020;13(14):1617 
– 38 
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potential to obtain information with prognostic relevance. Therefore, a growing interest in invasive 
coronary physiology along with new technological developments, allows to assess intracoronary 
pressure and flow in the cath-lab. At present, there are several methods that allow such 
intravascular quantification of the microvasculature, perhaps each with specific advantages and 
drawbacks. In the next paragraphs two intravascular modalities to assess the microcirculatory 
status, the Coronary Flow Reserve (CFR) and the Index of Microcirculatory Resistance (IMR) will 
be described along with the prognostic information provided. The practical aspect of calculations 
of these indices is reported in Figure 5. 
 
3.3.3.1 Coronary Flow Reserve 
Since coronary flow and resistance are inversely related, microvascular function can be 
measured by integrating pressure and temperature measured simultaneously using thermodilution-
based measurements of coronary artery flow and pressure. These measurements named CFR can 
be made using a pressure- and temperature-sensitive coronary guidewire34. CFR represents the 
vasodilator capacity of the coronary vascular bed during hyperaemia and is measured by indicator 
thermodilution. A bolus of saline (i.e. 3 mL) at room temperature injected through the guide 
catheter will mix with antegrade coronary blood flow at body temperature, causing a transient 
reduction in temperature that is measured by the thermistor, located 3 cm from the distal end of 
the guidewire. The thermodilution curve is reflected by a transit time. Accepting the variability 
that may occur with this type of measurement, the mean transit time for three saline injections is 
displayed at rest and during pharmacological hyperaemia. 
CFR, the ratio of resting-to-hyperaemic blood flow, was the one of first intravascular 
investigative tools implemented for assessing the coronary circulation3.  
A precise cut-off to define an abnormal CFR is not well established. This is partly due to the 
nature of microcirculation that, unlike a coronary stenosis, cannot be defined diseased according 
to a single cut-off. 
One of the advantage of CFR is that it could be performed also non-invasively using 
conventional echocardiography6, myocardial contrast perfusion echocardiography7 or Positron 
Emission Tomography (PET) scanning8. This fact allowed to expand the methodology to a larger 
population than would be possible solely with invasive techniques. 
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CFR has been incorporated in several studies proven particularly insightful in many different 
subset of research, both in SAP and in ACS setting. 
In SAP setting, PET-derived CFR has been shown to be abnormal in multiple conditions 
such hypertension35, dyslipidemia36, smoking37, left ventricular hypertrophy38, aortic stenosis39.In 
stable patients with T2DM a low CFR was detected as a marker of early microcirculatory 
impairment40 
CFR showed to be related with a cardiovascular events occurrence and mortality at long term 
both using transthoracic echocardiography41 or PET-derived CFR42. Notably, in presence of 
intermediate coronary stenosis, CFR demonstrated to be a more powerful predictor of long-term 
occurrence of major adverse cardiac event than an abnormal FFR43.  
In ACS, after successful revascularization of an acute myocardial infarction, a reduced CFR 
is associated with the presence of microvascular obstruction on MRI44. Moreover, CFR after 
primary PCI can predict the likelihood of ventricular recovery and in hospital mortality45 
 
However, despite the availability of CFR to interrogate the myocardium a number of caveats 
exist in its use. Coronary thermodilution measurements require brisk saline injections during 
resting and hyperemic conditions to calculate CFR based on the average mean transit time of three 
saline boluses. Although it is considered correlate well to absolute coronary flow in research 
settings46 this method is prone to measurement errors due to the sensitivity to the saline injections, 
and due to the fact that the rapid saline injections may disturb coronary hemodynamics. Moreover, 
many other factors (age, female sex, volume expansion, increase heart rate…) may influence 
resting coronary flow producing a relative changing in CFR47 
 
3.3.3.2 Index of Microcirculatory Resistance (IMR) 
The IMR allows the clinical assessment of microcirculatory resistance. It is relatively simple 
to obtain using a dedicated wire and console. It is growingly used as tool to appraise 
microcirculatory function in the catheterization laboratory48. IMR could be calculated as the 
product of the distal pressure measurement (Pd) with hyperemic thermodilution-derived time 
(Hyperemic Tmn, Figure 5). This index provide a reliable measurement of microvascular function 
independently from hemodynamic perturbation and has been tested and validated in animals and 
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humans10,49. Differently from CFR, IMR provides and independent assessment of the 
microvasculature being ultimately more informative in this setting. 
IMR has been used in different scenarios: 
a. ACS setting: after primary PCI, IMR was found to correlate with myocardium 
viability on PET scans and to left ventricular recovery as estimated by 6-month 
echocardiography50. Subsequent studies provided similar results in STEMI patients 
using MRI-derived microvascular obstruction or MRI-myocardial salvage as 
parameters of comparisons51,52. After acute phase of acute MI, IMR (along with 
Hyperemic Tmn and CFR) showed a gradual improvement in the following 6-
months44. Regarding long-term outcome, an absolute IMR value > 40 was reported53 
as an independent predictor of death or re-hospitalization for heart failure up to 3 
years of follow-up in the largest study on IMR after acute MI (hazard ratio 2.1; 
P=0.034). Finally IMR was recently reported to be an independent predictor of long-
term survival in ACS patients undergoing PCI in two RCT trials on this topic54–56. 
b. SAP setting: IMR was able to predict the risk of periprocedural MI57 and also to 
demonstrate a potential advantages of direct stenting in reducing the distal 
embolization as compared to lesion predilation with a balloon58.  
 
Interestingly, IMR was used to test adjuvant therapies in order to appraise their potential 
beneficial effect on microvascular injury. In elective PCI, intracoronary administration of 
angiotensin-converting enzyme inhibitors59 or pre-treatment with statins60 resulted in an 
improvement of IMR values post-PCI implying that a proper preventive “preparation” of 
microcirculatory beds could be beneficial in reducing the damage related to distal embolization of 
particles potentially released from vulnerable plaques the PCI target lesion. At the time of primary 
PCI, repeated intracoronary administration of Nicorandil (a nitric oxide donor) showed a reduction 
in IMR with a positive effect during myocardial infarction61. 
Recently several authors report on different antiplatelet agents regiment on microvascular 
function as assessed by IMR, mainly in the setting of ACS54–56. This topic will be covered 
elsewhere (Part II) along with the discussion on the original study focusing on this topic and 
included in this thesis 
 





3.4 Clinical and angiographic scenarios in which the evidence for the use of coronary 
physiology is currently limited 
As mentioned above, there are specific subset of coronary stenosis or clinical conditions in 
which patients might benefit from FFR interrogation but there is still limited evidence to support 
its use or FFR use may be hindered by technical issues preventing an optimal hyperemic status or 
need of additional time or costs. Among these scenarios, the present thesis sough to provide novel 
data on the followings ones: 
- Multivessel coronary disease (MVD) 
- Left main coronary artery disease (LMCA) 
- Acute coronary syndrome (ACS) 
- Diabetic type 2 patients (T2DM) 
 
Figure 5. Calculation of Fractional Flow Reserve, index of microvascular resistance and coronary flow reserve 
in an angiographic tight stenosis involving mid Left Anterior Descending. IMR, index of microvascular resistance; 
Pd, distal pressure; Tmn, mean transit time; CFR, coronary flow reserve; FFR, fractional flow reserve.  
An intracoronary pressure and temperature sensor-tipped guidewire (St. Jude Medical) will be used to measure 
distal coronary pressure and to derive thermodilution curves as previously described (24). Three thermodilution 
curves will be obtained from a hand-held, 3-ml rapid (<0.25s) injection of room temperature saline at baseline 
and during maximal hyperemia, which will be achieved by infusion of 140 µg/kg per minute of adenosine via the 
femoral vein.  
Mean transit time (Tmn) at baseline and during maximal hyperemia will be derived from the thermodilution 
curves. Simultaneous recordings of mean aortic pressure (guiding catheter, Pa) and mean distal coronary pressure 
(distal pressure sensor, Pd) also will be obtained at baseline and during maximal hyperemia. The CFR will be 
calculated from the ratio of hyperemic to baseline Tmn. The IMR will be calculated using the following equation: 
IMR = PaxTmn[(Pd-Pw)/(Pa-Pw)], where Pw is the coronary wedge pressure. Pw will be measured as the distal 
coronary pressure (from the distal pressure and temperature sensor) during complete balloon occlusion of the 




3.4.1 Multivessel Coronary Disease 
After the introduction of newer-generation DES, PCI is currently widely performed MVD. 
However, long-term clinical outcomes of PCI in 3-vessel disease (3VD) is less satisfactory than 
expected despite newer DES use when revascularization is guided by angiography alone62. On the 
matter of fact, FAME trial63 explore the benefit of FFR-guided PCI in MVD in stable patient. The 
2-year rates of mortality or myocardial infarction were 12.9% in the angiography-guided group 
and 8.4% in the FFR-guided group (p=0.02). Additionally, number of stents used per patient was 
significantly lower in the FFR-guided group (1.9 ±1.3 vs 2.7 ±1.2; p <.001)64. 
Similarly, in a study65 from South Korea group encompassing more than five thousand 
patients, the rates of MACE at 1 year was significantly lower in patients after the routine FFR use 
vs. patients before the routine use of FFR (hazard ratio 0.55; 95% confidence interval 0.43-0.70; 
P < 0.001). This was primarily due to a reduction in peri-procedural MI and repeat 
revascularization. Taking together, current evidence indicate that the decision made with 
angiography in multivessel stable disease lead to worse outcome in comparison with a physiology 
guided strategy leading to a reclassification of the treatment strategy up to 40% of patients with 
CAD. Therefore, angiographic 3VD might be reclassified as 1- or 2-vessel CAD, which could 
benefit from PCI and not require Coronary Artery By-Pass Grafting (CABG, Figure 6). 
 





In SYNTAX II trial 66physiological assessment was performed in 75.5% of the lesions. Out 
of 1559 lesions (3.49 ± 0.97 lesions per patient) initially intended to be treated based on the 
angiographic findings 31% of stenoses were deferred and patients with the need of 3VD PCI are 
only 37.2%, a great minority in comparison with SYNTAX I population (figure 7)67,68. 
 
 
Figure 6. Number of vessel evaluated by angiography alone or with fractional flow reserve. The number of 
functional diseased vessels can change markedly from the initial angiographic assessment. VD, vessel 
disease. Reproduced with permission from Sant’Anna et al, Am J Cardiol 2007;99:504–508) 





Consequently, in case of MVD the use of physiology results of paramount importance in 
order to avoid unnecessary revascularizations. NHPRs indices constitutes an alternative to FFR 
interrogation in such situation. However, some institutions do not still have access to this 
technology mainly because as already mentioned above, each commercially available NHPRs 
using an independent calculation algorithm require a dedicated guidewire and console supplied by 
the vendor. In these cases, the only indices universally available in any pressure-wire console are 
the resting Pd/Pa ratio and the FFR. Consequently, a combination of Pd/Pa ratio and FFR could be 
an alternative to FFR. Previous studies performed by others groups proposed an hybrid Pd/Pa-FFR 
algorithms obviating the need for vasodilator drugs in more than half of patients (47%) whilst 
maintaining high classification agreement with an FFR-only strategy69. As mentioned above, some 
authors proposed the use of the so called contrast FFR (cFFR). It is universally available being 
calculated as Pd/Pa after the induction of submaximal hyperaemia using an intracoronary injection 
of standard radiographic contrast medium. cFFR has been reported to have a good correlation with 
FFR, even superior than Pd/Pa ratio21,70 leading to further reduction in adenosine requirement 
when combined with FFR.  
In summary, being MVD in stable patients a common finding in daily practice, alternative 
ways to circumvent the need for adenosine or simplify multiple lesions assessment in cath-lab are 
Figure 7. Schematic report of triple vessel disease management in SYNTAX II vs SYNTAX I trial 
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still valid to increase adoption of physiology. This topic has been addressed in one of the article 
included in the present thesis and will be further discussed below (Part II, 2.1.2). 
 
3.4.2 Left Main Coronary Artery Disease 
LMCA disease is prevalent, occurring in 4% to 9% of patients undergoing coronary 
angiography71. Several studies have highlighted the inadequacies of coronary angiography in the 
assessment of intermediate LMCA stenosis72 suggesting use of other modalities to determine 
LMCA stenosis severity.  
Presence of significant LMCA disease (stenosis greater than 50%), is associated with a poor 
prognosis in the medium term. Studies prior to coronary revascularization showed a survival of 
less than 40% at 4 years after diagnosis73. 
Limitations of the angiographic evaluation of the severity of the lesions are well established74 
making angiographic evaluation of LMCA stenosis difficult and could be summarized as follows: 
- Catheter related issues like catheter-induced spasm or catheter overlap with the LMS, 
resulting in contrast medium spill over and incomplete mixing of blood and contrast 
medium in the proximal part of the LMCA 
- Angulated LMCA making difficult the interpretation of coronary lesions; 
- Lack of a reference segment in cases of diffuse disease or in case of ostial or very distal 
location of the LMCA stenosis 
- Location prone to vessel foreshortening  
- Overlapping with Left Anterior Descending (LAD)/Left Circumflex (LCX) branches 
- Eccentric lesions 
- Reflux of contrast in aortic sinus obscuring ostial lesions 
- “Reverse tapering” (smaller calibre at the ostium than in the distal segment, withour 
atherosclerosis) 
 Before considering revascularization in a patient with a LMCA lesion, especially if the 
lesion is ostial, it is important to determine if the lesion really needs to be revascularized. Due to 
their anatomical location, artifacts induced by the catheter or the severity of distal lesions, 
interpretation of the LMCA lesions are those that present greater intra- and interobserver 
variability compared to those located in the rest of the coronary tree. In the CASS (the Coronary 
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Artery Surgery Study) registry, when stenosis ≥50% was reported, a second observer reported that 
the stenosis was not significant in 19% of cases75. 
In the case of intermediate stenosis, intravascular imaging or functional assessment have 
been proposed to identify those patients who could benefit from revascularization.  
 
The reliability of FFR for simple lesions is rarely an issue, but an understanding of FFR for 
complex LM stenoses with additional lesions in the left anterior descending (LAD) and/or 
circumflex artery (Cx) branches requires the operator to have a more in-depth appreciation of the 
physiology as applied in this important anatomic subset. 
A simple, isolated LM stenosis is easily assessed by FFR in the routine fashion. One caveat 
to increase reliability is that ostial FFR assessment requires that the guide catheter be removed 
from the ostium while infusing intravenous adenosine to avoid the artifact of guide catheter 
pressure damping. A distal LM stenosis involving the bifurcation of the LAD and LCX can be 
assessed with two FFR measurements, one in the LAD and another with the pressure wire in the 
LCX. However, interpreting the FFR in the presence of significant downstream branch lesions, 
such as a LAD stenosis, is more complicated. This is because the LMCA and LAD lesions act like 
serial lesions, and the true flow across the LMCA is potentially reduced by a severe downstream 
stenosis, artifactually elevating the FFR value when measured in the unobstructed vessel. 
 
Available data on Fractional Flow Reserve use in LMCA intermediate stenosis 
No definitive data on the prognostic value of physiology measurements in intermediate 
stenosis (30-70%) of the LMCA are to date available. The presence of significant stenosis (> 70%) 
on coronary angiography was an exclusion criterion in the DEFER, FAME and FAME II studies, 
in the same way as in the DEFINE FLAIR study. Only the IFR SWEDEHEART study included 
30 patients with significant LMCA stenosis (1.6% of all included patients). 
The available data supporting the use of FFR in LMCA lesions derive from few studies 
summarized in Table 3. The cutoff values used in these studies have ranged from 0.75-0.80 and 








Table 3. Studies focusing on FFR evaluation in intermediate LMCA stenosis. 
 
Technical aspects in the evaluation of LMCA lesions using a pressure wire:  
LMCA interrogations using pressure wire present some challenging in respect to other 
coronary vessel. Among all, three factors are to be particularly taken into consideration: location 
of the lesion, hyperemic induction and presence of other significant stenosis distally in the 
coronary tree. Three possible locations of the lesions are anatomically differentiated, depending 
on whether they affect the ostium, the body or the distal portion (bifurcation). In the same way that 
the location of the lesion has implications in terms of percutaneous treatment, it has implications 
for the study with a pressure guide. When the lesion is located in the ostium or in the body, it is 
essential that the coronary catheterization be coaxial. Non-coaxial catheterization involves contact 
of the catheter lumen with the vessel wall so that it can dampen aortic pressure by artificially 
raising the FFR value. For this reason, non-selective catheterization is recommended both when 
equalizing or normalizing the catheter and guideline pressures and when the guide is placed distal 
to the lesion to perform the FFR measurement at the time of maximum hyperemia. Therefore, 
interrogation of ostial lesion may imply this additional factor potentially influencing measurement. 
When the lesion is located in the distal part of the LMCA and affects the origin of its main 
branches, it is recommended to approach the distal LMCA and each one of its branches as a 




Design / Region FFR cut-off Follow-up duration 
(months ± SD) 
Bech76, 2001 54 Prospective, two centers / 
Europe 
0.75 29±15 
Courtis77, 2009 27 Prospective, single center / 
North America 
<0.75 and >0.80 (additional 
clinical data if FFR was 
between 0.75 and 0.80) 
14±12 
Hamilos78, 2009 38 Prospective single center / 
Europe 
0.8 35±25 





51 Prospective, single center / 
Europe 
0.75 26±12 
Legutko81, 2005 142 Prospective, single center / 
Europe 
0.75 24 
Lindstaedt82,2006 213 Prospective, single center / 
Europe 
<0.75 and >0.80 (additional 
clinical data if FFR was 
between 0.75 and 0.80) 
29±14 
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FFR, the measurement is made from the anterior descending and from the circumflex and the 
LMCA lesion is considered to be functionally significant when the measurement from any of the 
two main vessels is less than 0.80. 
Use of intracoronary bolus of adenosine is not recommended because, if a non-selective 
catheterization of the left coronary is necessary, part of the medication administered does not go 
to the coronary, leading to a suboptimal hyperemic state. For this reason, intravenous drug 
administration is recommended, either adenosine (dose from 140 micrograms / kg / min infused 
for at least two minutes. 
The presence of isolated LMCA lesion is infrequent. A series of unselected patients who 
underwent diagnostic coronary angiography showed that in patients with TCI involvement, only 
9% had a single lesion in the TCI; 17% had a TCI lesion and involvement of 1 vessel; 35% had 
TCI injury and two vessels and 38% had TCI disease and 3 vessels83 
. The presence of lesions in the anterior descending and / or circumflex can affect the 
measurement of the FFR in the LMCA, so it is recommended to put the pressure guide in the artery 
that does not present injuries. However, a lesion in the anterior descending artery may affect the 
determination of the FFR with the guide in the circumflex because the flow through the LMCA 
depends on the flow in the anterior descending and in the circumflex, and an injury in the anterior 
descending artery could decrease the flow in the LMCA and artificially raise the FFR value. The 
influence of distal lesions on LAD / LCX in the measurement of the FFR will depend on the 
severity of the lesion and the myocardial mass supplied by the affected vessel. In an experimental 
study with an animal model, it was shown that the measurement of FFR in the LMCA in the 
presence of distal lesions is possible, positioning the guide in a vessel without injury. The presence 
of distal lesions leads to overestimation of the FFR, so a value <0.75 will indicate that treatment 
is necessary regardless of the presence of distal lesions. In this experimental study, it was observed 
that FFR values > 0.80 were only obtained when the injury in the distal vessel was very severe 
(combined FFR <0.50) and was located in the most proximal portion84 (Figure 8). 





Use of intravascular ultrasound imaging in LMCA intermediate stenosis 
The IVUS allows obtaining a real-time tomographic image of the light and the coronary 
artery wall so that the luminal area, the composition and distribution of the plaque and the actual 
size of the vessel can be assessed (Figure 9). Differently from FFR, it allows to disclose 
atherosclerotic plaque with unstable characteristics, ulcerations and to quantify the plaque burden. 
In addition, after the stent is implanted, it allows evaluating the adequate expansion and apposition 
to the coronary wall of the stent and can be especially useful in the case of treatment of bifurcation 
lesions to decide the need to implant a second stent. In patients with LMCA involvement, 
observational studies and meta-analyses suggest that IVUS-guided stent implantation is associated 
with a better clinical evolution during follow-up (33-35). 
Thus, the guidelines on revascularization of the European Society of Cardiology recommend 
IVUS to assess severity and guide treatment in patients in whom LMCA is to be treated 
percutaneously with a grade IIA indication (3). Beyond the impact in optimizing stent 




Figure 8. Schematic example of physiological measurements. A, True fractional flow reserve (FFRtrue) of 
the left main coronary artery obtained during left main balloon inflation and no stenosis in the left anterior 
descending (LAD) artery (FFRtrue=distal pressure [Pd]) in the left circumflex (LCX) artery divided by 
proximal arterial pressure (Pa). B, FFRapp obtained during balloon inflation in the LAD (FFRapp=LCX 
Pd/Pa during downstream balloon inflation). FFRepicardial represents FFR of left main plus LAD 
(FFRepicardial=LAD Pd/Pa during LAD balloon inflation). Reproduction with permission from Andy S.C. 
Yong. Circulation: Cardiovascular Interventions. Fractional Flow Reserve Assessment of Left Main Stenosis 
in the Presence of Downstream Coronary Stenoses, Volume: 6, Issue: 2, Pages: 161-165 






Design / Region IVUS cut-off Follow-up lenght 
(months ± SD) 
De La Torre 
Hernandez 
(LITRO)85, 2011 
179 Multicenter, prospective / 
Europe 
6 24 
De la Torre 
Hernandez86, 2007 
48 Single-center, prospective 
/Europe 
6 40±17 
Fassa87, 2005 114 Retrospective / North America 7.5 43.2 
Okabe88, 2008 100 Single center, prospective 














Minimal Lumen Area (MLA) derived from IVUS was used to define a cut-off for treatment. 
However this remain to date debatable because it seems to be population dependent and ethnicity 
related as we can suspect looking how different is the average LMCA-MLA in the study of Fassa87 
performed in North America (7.6 mm2), compared to the study from Park89 performed in Korea 
(4.8 mm2). The dynamic relationship between lesion length, MLA (by IVUS), and FFR remains 
 
Figure 9. Integrated intravascular Ultrasoung Imaging (IVUS) and Fractional Flow Reserve (FFR) evaluation of intermediate 
stenosis of Left Main in a stable clinical setting. Red and yellow curves indicate mean of Aortic Pressure (Pa) and Distal 
Pressure (Pd), respectively. This case presented a remarkable decrease of pressure gradient with a significant reduction in 
Minimal Lumen Area at IVUS interrogation according to the most adopted cut-off of 6.0mm2. Reproduction with permission 
Cerrato E. and Varbella F, Live case, GISE 2020, Rome, Italy 
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still under investigation. Following this argument, it is likely that longer, diffuse lesions with larger 
IVUS-derived MLA might be ultimately found to harbour greater physiological significance than 
short, focal lesions with lesser MLAs.  
Summarizing available evidence, we still have few data (and no RCT) available regarding 
these two adjunctive invasive diagnostic tools, recommended in clinical guidelines for ambiguous 
LMCA assessment. For this reason, the safety of intermediate LMCA stenosis revascularization 
deferral based on FFR and IVUS is one of the topic addressed in the present thesis (Part II, 2.1.1)  
 
3.4.3 Acute Coronary Syndrome 
The value of FFR to guide revascularization of non-culprit stenoses in the setting of ACS is less 
well established. MVD is present in 40% of patients with Acute Coronary Syndrome with ST 
Segment Elevation (ACS-STEMI) 90and up to 70% of patients with Acute Coronary Syndrome 
with non-ST Segment (ACS-NSTE)91,92 
While in case of ACS-STEMI the identification of culprit artery is usually straightforward 
following information from electrocardiogram and coronary angiography, in ACS-NSTE 
identification of culprit lesions might be challenging inducing the interventional cardiologist in 
using others tools like intracoronary imaging or physiology to be helped in the decision-making 
process upon revascularize or not a vessel. With the growing adoption of coronary physiology, 
FFR is also increasingly being used in this context to guide revascularization in patients with ACS, 
particularly to assess the functional relevance of non-culprit lesion (NCL) in patients with MVD. 
Available evidence, including RCTs93,94, supports the use of FFR guidance in ACS NCL compared 
with culprit only treatment. Moreover, FFR utilization has demonstrated better outcomes with 
respect to angiography-alone approaches in both ACS or SAP95.  
In Table 5 were reported RCTs investigating benefit of MVD revascularization vs culprit-
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Table 5. Current evidence of complete versus culprit lesion only revascularization in patients with ST-segment 
elevation myocardial infarction and multivessel disease; m: months; yrs: years. 
 
 In particular, two RCTs – PRAMI (Preventive Angioplasty in Acute Myocardial Infarction) 
and CVLPRIT97 (Complete versus Lesion-Only Primary PCI) - reported a beneficial long-term 
effect of complete vs culprit-only revascularization on the basis of an angio-only approach. 
Recently the Complete vs Culprit-only Revascularization to Treat Multi-vessel Disease after 
Primary PCI for STEMI (COMPLETE) trial98 confirmed these findings with the largest sample 
size currently available (n=4041), indicating a benefit in terms of reduction of MI when 
revascularization was performed in NCL. Again, angiography was used to judge the severity of 
bystanders stenoses and adoption of intracoronary physiology was mandatory only in intermediate 
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stenosis occurring, overall, in less than 1% of the cases. Previous studies using FFR to guide 
complete revascularization in patients presenting with STEMI, such as DANAMI-3-PRIMULTI93 
and COMPARE-ACUTE94, cannot be used to clarify this issue given the absence of a SAP 
comparator group and also for their relative limited sample size. In a recent meta-analysis99 of 
individual patient data including those two RCTs as well as FAME 2 trial100 (encompassing only 
SAP patients), FFR-guided PCI resulted in a reduction of the composite of cardiac death or MI 
compared with medical therapy in SAP, which was driven by a decreased risk of MI.  
 
 In the setting of ACS-NSTE, two clinical studies were conducted to assess the value of 
FFR: a subanalysis of  FAME95 and the Fractional Flow Reserve Versus Angiographically Guided 
Management to Optimise Outcomes in Unstable Coronary Syndromes (FAMOUS NSTEMI) 
trial101  
FAME enrolled 328 patients with ACS-NSTE (negative troponin) and MVD out of total of 
1005 were included. The benefit of an FFR-guided PCI was similar to that observed in SAP group 
with a 5% of absolute risk reduction at 2 years of the combined endpoint of death, MI or any 
revascularization. However, being a substudy it was not powered to detect superiority of FFR in  
ACS NCL and neither the target lesion interrogated (culprit vs NCL) nor the event rate in deferred 
lesions by FFR was reported. 
Some years later, the FAMOUS NSTEMI randomized 350 patients with NSTEMI with at 
least one coronary stenosis of ≥30% severity by visual assessment of either FFR-guided versus 
angiography-only approach. For the primary outcome, the proportion of patients treated initially 
by medical therapy was higher in the FFR-guided group than in the angiography-guided group 
(22.7% vs.13.2%, p = 0.022). At 12 months, revascularization remained lower in the FFR-guided 
group (79.0 vs. 86.8%;  p = 0.054). However, has to be noted that percentage of intermediate 
stenosis (50-70% at visual assessment) included was about 20% and the median time from the 
index episode of myocardial ischaemia to angiography was quite long (3 days). Interestingly all 
MACE occurred in the group of patients deferred on the ground of FFR (7.5% vs 0%). 
 
Accordingly, it remains inconclusive if physiology guided revascularization in patients with 
ACS and MVD will be associated with an even lower event rate than anatomic guided PCI (as has 
already demonstrated in the context of SAP) and overall, few data are available regarding the 
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comparative performance of FFR in ACS versus SAP settings. Studies performed to date are 
underpowered or not specifically designed to answer this clinical question. While some studies 
support the reliability of FFR measurements in ACS patients, a number of studies have consistently 
reported poorer clinical outcomes in patients in whom revascularization was deferred based on 
FFR measurements, both with respect to previously published data collected in SAP and in the 
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319 ACS 36m MACE: 12% 0.80 
Table 6. Summary of main studies evaluating revascularization deferral based on FFR in Acute Coronary Syndrome 
(ACS). MACE: Major Adverse Cardiovascular Events. SAP: Stable Angina Pectoris 
 
Heterogeneity in inclusion criteria, endpoints and follow-up suggest the need for a larger 
clinical trial with homogeneous time of assessment, and clear definition of the vessel interrogated 
by FFR preventing to draw firm conclusions. 
Consequently, the accuracy of FFR during ACS still deserves further investigation and will 
be the object of this thesis (Part II, 2.1.3) 
 
3.4.4 Diabetic patients  
The incidence of  T2DM continues to rise108 and has quickly become one of the most prevalent 
and costly chronic diseases worldwide. A close link exists between T2DM and cardiovascular 
disease (CVD), which is the most prevalent cause of morbidity and mortality in diabetic patients. 
The relative risk for CVD morbidity and mortality in adults with T2DM is three-fold higher in 
men and two-fold higher in women compared to those without T2DM109. Although, over the last 
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two decades, cardiovascular mortality has declined considerably in the general population, a 
similar trend has not been observed amongst diabetic patients. Cardiovascular risk factors such as 
obesity, hypertension and dyslipidemia are common in patients with DM, placing them at 
increased risk for cardiac events. In addition, many studies have found biological mechanisms 
associated with T2DM that independently increase the risk of CVD in diabetic patients110.   
T2DM is associated with a significant increase in the risk of CAD111 both acutely and at 
long term follow up after coronary revascularization. As the prevalence of T2DM is estimated to 
double in the next ten years, the burden of cardiovascular disease associated with this condition 
will dramatically increase112. 
One of the mechanisms that may be related to this inferior outcome is the higher prevalence of 
periprocedural myocardial infarction (PMI) after PCI observed in T2DM patients, which has been 
associated with endothelial dysfunction, pro-thrombotic state, chronic microvascular dysfunction, 
increased atheroma burden, vessel wall inflammation, and development of vulnerable plaques 
prone to distal embolization113. 
Antiplatelet agents, in particular Ticagrelor, might play a protective role in this setting. 
Ticagrelor, is different to Clopidogrel and other P2Y12 inhibitors, as it reduces the physiological 
clearance of adenosine by inhibiting its cellular uptake, thus increasing the plasma concentration 
of adenosine. As the primary aim of adenosine is achieving tonic and cellular protection during 
stress conditions114, adenosine in turn may protect the myocardium from both ischemic and 
reperfusion injuries via its potent vasodilator effect and possibly by anti-inflammatory and 
antiplatelet properties115. Additionally, previous research116 has identified a more pronounced 
effect of adenosine on microcirculatory resistance in patients with obesity and diabetes. Therefore, 
a potentially higher protective effect of Ticagrelor during PCI might be expected in this subgroup.  
From a clinical perspective, a large RCT117 recently demonstrated a lower incidence of ischemic 
cardiovascular events in patients with SIHD and DMT2 treated with Ticagrelor vs Clopidogrel. 
 
 
3.5 Introduction of the doctoral thesis 
Following all the achievements described above, clinical practice guidelines26,118 recommend 
the use of coronary physiology to decide if revascularization of intermediate-severity coronary 
stenosis is indicated. Physiology is also increasingly being used to guide revascularization in 
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specific subset of patients with complex anatomical or clinical setting such the case of LMCA, 
MVD or in the setting of ACS. In this context use of physiology still has some uncertainties or is 
currently under investigation in order to obtain a more extensive data on clinical outcome. At this 
regards, this doctoral thesis brings together three original research articles published in 
international scientific journals exploring the advantages and limitation of using the FFR in such 
complex scenarios providing consistent new data in particular in the setting of FFR-guided 
revascularization or deferral of revascularization of NCL after ACS, reporting the result of the 
larger available database of individual data from Spain, Portugal, Sweden, France, England and 
South Korea.  
 The second part of the thesis sought to underscore the importance of the coronary 
microcirculation. Firstly, a review paper focused on the importance of multimodal physiology to 
evaluate microcirculatory dysfunction summarizing the different modality available for the real-
time assessment of microvasculature especially in the setting of ACS. Therefore, novel data 
regarding potential capacity of specific drugs in improving microcirculatory status or providing 
protection during PCI in the high-risk subset of T2DM patients were discussed. On the matter of 
fact, the abnormal coronary microcirculation along with the higher risk of periprocedural 
microcirculatory damage in patients with T2DM represents one of the harmful and still unmet 
issues potentially connected with a poor long-term outcome119,120. New antiplatelet agents, in 
particular Ticagrelor, might play a protective role in this setting increasing the plasma 
concentration of adenosine protecting the myocardium from both ischemic and reperfusion injuries 
via its potent vasodilator effect and possibly by anti-inflammatory and antiplatelet properties115. 
Regarding this topic, the design and the results of the original randomized multicenters clinical 
trial PREDICT (PRotective Effect on the coronary microcirculation of patients with DIabetes by 
Clopidogrel or Ticagrelor) was provided in the last part of the thesis. PREDICT trial was designed 
and conducted in three Spain Institutions during the doctoral period. 
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PART II  
      
  




1. OBJECTIVES OF THE THESIS 
The main purposes of the present thesis are the followings: 
a. to test alternative ways to circumvent the need for adenosine and increase the adoption 
of physiology to guide revascularization in case of multivessel / multilesion stenosis. In 
particular, to test different multi-step hybrid algorithms (Pd/Pa-FFR; cFFR-FFR and a 
novel Pd/Pa-cFFR-FFR) in terms of agreement with an FFR only-strategy evaluating 
the proportion of patients free from adenosine and additional medium contrast 
administration; 
b. to perform a comprehensive systematic review and study-level meta-analyses of 
available studies in which FFR and IVUS were used to decide upon LMCA disease, to 
critically appraise, the long-term safety of their use for revascularization deferral; 
c. to assess the reliability of the FFR to guide therapeutic decisions in patients with ACS 
and multivessel disease investigating the safety of revascularization deferral of 
nonculprit lesions performing a patient-level meta-analysis of data coming from three 
multinational registries and two randomized-clinical trials. 
d. to review several proposed methods to allow intravascular quantification of 
microvasculature, exploring different domains and summarizing these techniques along 
with the prognostic information provided by each modality; 
e. to explore the microcirculatory domain in high-risk patients such those with T2DM; 
f. to design and perform a multicenter, open-label, randomized clinical trial with two arms 
to compare the effect of Ticagrelor (an antiplatelet drug that increase the circulating 
levels of adenosine) over Clopidogrel on the coronary microcirculation during PCI in 
patients with T2DM or rather to document changing in coronary microcirculatory 
resistance caused by treatment onset and caused by PCI.  
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2. MATERIALS, METHODS AND RESULTS OF THE THESIS  
 
2.1. Implementation of Coronary Physiology in complex clinical and angiographic scenarios 
2.1.1. Publication No. 1, original article  
 
“Simplified hybrid algorithms for pressure wire interrogation exploiting advantages of 
a baseline and contrast Pd/Pa ratio indexes to predict stenosis significance: Insight from the 
SPARE multicenter prospective study” 
 
Cerrato E, Tomassini F, Salinas P, Pavani M, Conrotto F, Echavarria-Pinto M, Macaya F, 
Quadri G, D'Ascenzo F, Quirós A, Varbella F, Escaned J.  
 
Catheter Cardiovasc Interv. 2018 Nov 15;92(6):1090-1096. doi: 10.1002/ccd.27616. Epub 
2018 Apr 23. PMID: 29683558. 
 
 
Summary: with the advent of drug eluting stents the likelihood of restenosis after PCI 
decreased markedly allowing to safely treat with stents multiple stenoses. However, invasive 
assessment of coronary vessels has to be performed in such in order to properly identify perfusion-
limiting stenosis, minimize risks, complication and optimize health care costs. In this scenario both 
hyperemic and NHPRs demonstrate to be safe and effective in delivering consistent patient 
outcomes at one year of follow-up and are consequently recommended in current European 
Guidelines1 to assess intermediate stenoses in SAP. However, worldwide adoption of FFR remains 
low in everyday practice. This can be due in part to the prerequisite to achieve a maximal 
hyperemia for FFR calculation, which is time-consuming, expensive and requires the use of potent 
vasodilators. Besides, iFR or others NHPRs may be not available in all catheterization laboratories 
requiring a dedicate console. Given these assumptions the objectives of the SPARE (Simplified 
hybrid algorithms for pressure wire interrogation exploiting advantages of a baseline and contrast 
Pd/Pa ratio indexes to predict stenosis significance) multicenter study were to evaluate the merits 
of a hybrid algorithms that combines the translesional pressure ratio (Pd/Pa) obtained at rest, after 
contrast medium injection (cFFR) and after adenosine administration (FFR). We tested the 
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efficiency of three different multi-step strategies combining the three indices to classify stenosis 
severity, using FFR-only measurement as reference. All three different hybrid algorithms (Pd/Pa-
FFR; cFFR-FFR; Pd/Pa-cFFR-FFR) have more than 95% of agreement with FFR. Yet, we 
proposed a novel multistep hybrid approach including Pd/Pa-cFFR-FFR that demonstrated the best 
performance, avoiding the need of adenosine and medium contrast in 90% and 48% of cases, 
respectively. 
 
Reprinted by permission from John Wiley & Sons, Inc. Catheter Cardiovasc Interv. 2018;92(6):1090-1096. doi:10.1002/ccd.27616; 
implified hybrid algorithms for pressure wire interrogation exploiting advantages of a baseline and contrast Pd/Pa ratio indexes to predict stenosis 
significance: Insight from the SPARE multicenter prospective study. Copyright © 2018 Wiley Periodicals, Inc. 
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2.1.2. Publication No. 2, original article  
 
“Safety of intermediate left main stenosis revascularization deferral based on 
fractional flow reserve and intravascular ultrasound: A systematic review and meta-
regression including 908 deferred left main stenosis from 12 studies” 
 
Cerrato E, Echavarria-Pinto M, D'Ascenzo F, Gonzalo N, Quadri G, Quirós A, de la Torre 
Hernández JM, Tomassini F, Barbero U, Nombela-Franco L, Nuñez-Gil I, Biondi-Zoccai G, 
Macaya C, Varbella F, Escaned J. 
 
Int J Cardiol. 2018 Nov 15;271:42-48. doi: 10.1016/j.ijcard.2018.04.032. PMID: 30223378. 
 
 
Summary: The angiographic evaluation of LM stenosis is difficult due to its location prone 
to vessel foreshortening, overlapping of procimal branches and inherent difficulties in assessing 
ostial disease. Beyond angiography, others intravascular tool usually help the interventional 
cardiologist in the decision making process while assessing a coronary doubtful stenosis. such as 
IVUS and FFR have shown to reliably expand angiographic appraisal. However, latest European 
Guidelines on Myocardial Revascularization1 recommends FFR to identify the hemodynamic 
relevance of coronary stenosis in stable patients when evidence of ischaemia is not else available 
without distinguish between LMCA or other segment) and IVUS to assess severity and optimize 
treatment of unprotected LMCA; with a class I, LOE: A and IIa, LOE: B, respectively. Taking 
together these premises, the purpose of this work was to perform a comprehensive systematic 
review and meta-analyses of available studies in which FFR and IVUS were used to decide upon 
LMCA disease, to critically appraise, separately, the long-term safety of their use for 
revascularization deferral. Overall, 908 LMCA stenoses from 7 FFR and 5 IVUS studies were 
included with median follow-up of 29.0 and 31.5 months respectively. Per year of follow-up 
occurrence of overall MACE were numerically similar (5.1% in FFR group and 6.4% in IVUS 
group) as well as death, myocardial infarction, LM revascularization. Meta-regression analysis 
suggested the influence of a distal LM stenosis on MACE in FFR group (β = 0.06, p = 0.01) and 
age in IVUS group (β = 0.4, p = 0.001). In individual studies several independent predictors of 
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MACE were identified including use of lower doses of intracoronary adenosine (OR 1.39, p = 
0.04) in FFR group and plaque burden (OR 1.34, p = 0.025), number of other diseased vessels (OR 
1.39, p = 0.04) and any untreated stenosis (OR 3.80; p = 0.037) in IVUS- studies. According to 
these findings, we concluded that deferring LMCA intermediate stenosis on the basis of FFR or 
IVUS showed an acceptable and similar risk of events in a mid-term follow-up although several 
different variables related to each technique showed an interaction on outcome. 
 
Reprinted by permission from Elsevier Int J Cardiol. 2018;271:42-48. doi:10.1016/j.ijcard.2018.04.032; Safety of intermediate left main 
stenosis revascularization deferral based on fractional flow reserve and intravascular ultrasound: A systematic review and meta-regression including 
908 deferred left main stenosis from 12 studies; Cerrato E et al Copyright © 2018 Elsevier B.V.  
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Figure. A - review profile 




Figure B – Bias 
Fig. C – Overall risk estimate for Death 
 




Fig. D - Overall risk estimate for MI  




Fig. E - Overall risk estimate for TLR 




Fig. F – Predictors of MACE in case of FFR deferral (panel A) or IVUS deferral (panel B) 




Fig. G - Funnel plot 




Fig. H – Overall risk estimate for MACE, including only studies with FFR performed with intravenous administration 
of adenosine. 




Table A - Additional informations regarding study primary outcome and follow-up. MI: Myocardial Infarction; LM: 
Left Main; PCI: Percutaneous Coronary Intervention; CABG: Coronary Artery By-pass graft. Part1 
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Table A - Additional informations regarding study primary outcome and follow-up. MI: Myocardial Infarction; LM: 
Left Main; PCI: Percutaneous Coronary Intervention; CABG: Coronary Artery By-pass graft. Part2 














Table B - LM angiographic features in FFR and IVUS studies.  
  




Table C - Crude events occurrences. MACE: major adverse cardiac events; MI: myocardial infarction related to LM; 




Table D - Metaregression (unrestricted maximum likelihood) between selected variables and overall MACEs in IVUS 
and FFR LM deferred-studies. Beta (β) is meta-regression coefficient, and p value (p) for interaction. MLD: minimum 







Aplicaciones de la Fisiología Coronaria en escenarios clínicos y angiográficos complejos 
77 
 
2.1.3. Publication No. 3, original article  
 
“Revascularization Deferral of Nonculprit Stenoses on the Basis of Fractional Flow 
Reserve: 1-Year Outcomes of 8,579 Patients”  
 
Cerrato E, Mejía-Rentería H, Dehbi HM, Ahn JM, Cook C, Dupouy P, Baptista SB, Raposo 
L, Van Belle E, Götberg M, Davies JE, Park SJ, Escaned J.  
 
JACC Cardiovasc Interv. 2020 Jul 24:S1936-8798(20)31171-7. doi: 
10.1016/j.jcin.2020.05.024. Epub ahead of print. PMID: 32739305. 
 
 
Summary: in patients with stable angina pectoris (SAP), clinical practice guidelines1,2 
recommend the use of coronary physiology to decide if revascularization of intermediate severity 
coronary stenosis is indicated. In these patients, the use of FFR has been shown to be safe3–5. With 
growing adoption of coronary physiology, FFR is also increasingly being used to guide 
revascularization in patients with ACS, particularly to assess the functional relevance of non-
culprit vessels in patients with multivessel disease (MVD). In this pooled analysis of individual 
patient data (8579 patients) from 5 international studies, we investigated the safety of FFR-based 
revascularization deferral of non-culprit lesions in patients with ACS compared with stable angina 
patients (SAP). Data from 3 international large database along with 2 RCT trials with similar 
design and endpoind were collected and pooled together aiming to assess 1-year occurrence of 
MACE (composite of death, nonfatal myocardial infarction, or unplanned revascularization) 
At 1-year, the deferred-ACS group presented a higher MACE occurrence compared to the 
deferred-SAP group (4.46% vs. 2.83%, adjusted HR 1.72, 95% CI 1.17-2.53, p<0.01). This 
difference was mainly driven by an excess of unplanned revascularization. However, no 
differences were found in the treated groups according to clinical presentation (MACE rate 6.51% 
vs. 6.20%, adjusted HR 1.21, 95% CI 0.88-1.26, p=0.24). 
 
Reprinted by permission from Elsevier published online ahead of print, 2020 Jul 24]. JACC Cardiovasc Interv. 2020;S1936-
8798(20)31171-7. doi:10.1016/j.jcin.2020.05.024; Revascularization Deferral of Nonculprit Stenoses on the Basis of Fractional Flow Reserve: 1-
Year Outcomes of 8,579 Patients; Cerrato E, et al. Copyright © 2020 American College of Cardiology Foundation. Published by Elsevier Inc. 
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Supplemental Figure 1: FFR values distribution in ACS and SAP lesions. 
  





Supplemental Figure 2A. Secondary endpoint: unplanned revascularization in deferred group. 
Cumulative Hazard curve for Unplanned revascularization after deferral on the basis of non-
ischemic FFR >0.80 by clinical presentation. 
 
  





Supplemental Figure 2B. Secondary endpoint: all cause of death in deferred group. Cumulative 
Hazard curve for Mortality after deferral on the basis of non-ischemic FFR >0.80 by clinical 
presentation 
  





Supplemental Figure 2C. Secondary endpoint: Myocardial Infarction (MI) in deferred group. 
Cumulative Hazard curve for MI after deferral on the basis of non-ischemic FFR >0.80 by clinical 
presentation 
  





Supplemental Figure 3. MACE in deferred group including all ACS patients vs. SAP patients with 
multivessel disease (SAP patients with single-vessel disease was excluded) 
 
  





Supplemental Figure 4. Primary endpoint: MACE in treated group. Cumulative Hazard curve for 
MACE after treating a patient on the basis of ischemic FFR ≤ 0.80 by clinical presentation 
  





Supplemental Figure 5A. Secondary endpoint: unplanned revascularization in treated group. 
Cumulative Hazard curve for Unplanned revascularization after treatment on the basis of non-










Supplemental Figure 5B. Secondary endpoint: all cause of death in treated group. Cumulative 




Supplemental Figure 5C. Secondary endpoint: Myocardial Infarction (MI) in treated group. 
Cumulative Hazard curve for MI after treatment on the basis of non-ischemic FFR <= 0.80 by 
clinical presentation 
 




Supplemental Figure 6. Cumulative Hazard curve for overall MACE in overall study population 
(deferred and treated) according to clinical presentation (ACS vs SAP)  
 
  






Spontaneous MI is considered an event after the first 48 hours after PCI 
and after 7 days following CABG unrelated to the procedure and is defined as either: 
1) Typical rise and gradual fall (troponin) or more rapid rise and fall (CK-MB) of 
biochemical markers of myocardial necrosis with at least one of the following: 
a) Ischaemic symptoms;  
AND/OR 
b) Development of new pathologic Q-waves on the ECG; 
AND/OR 
c) ECG changes indicative of ischemia (ST segment elevation or depression); 
OR 
2) Development of new pathologic Q-waves on follow-up ECG in the absence of 
Cardiac biomarker assessment during the acute event. 
OR 
3) Pathological findings of an acute MI 
IRIS-FFR Myocardial infarction was defined as follows: ≥48 hours after the procedure: any creatinine 




Myocardial infarction was defined according to the third  
2012 ESC/ACCF/AHA/WHF (European Society of Cardiology/  
American College of Cardiology Foundation/American Heart  
Association/World Heart Federation). Detection of rise and/or fall of cardiac biomarkers 
(preferably troponin) with at least one value above the 99th percentile of the upper reference 
limit (URL) together with evidence of myocardial ischemia with at least one of the following: 
1.Symptoms of ischemia;  
2. ECG changes indicative of new ischemia (new ST-T changes or new left bundle branch 
block [LBBB]);  
3.Development of pathological Q waves in the ECG; 
4. Imaging evidence of new loss of viable myocardium or new regional wall motion 
abnormality 
5. Identification of an intracoronary thrombus by angiography or autopsy 
Supplemental Table 1. Myocardial infarction definitions across different studies 
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DEFINE-FLAIR Deferred (N=562) Treated (N=471)  
>48 h post STEMI 18 (3.2 %) 16 (3.4 %)  
ACS 49 (8.7 %) 66 (14.0 %)  
SAP 495 (88.1 %) 389 (82.6 %)  
 
SwedeHeart Deferred (N=415) Treated (N=423)  
NSTEMI 51 (12.3 %) 65 (15.4 %)  
Unstable angina 93 (22.4 %) 86 (20.3 %)  
SAP 271 (65.3 %) 272 (64.3 %)  
 
IRIS-FFR Deferred (N=3113) Treated (N=1771)  
STEMI 37 (1.2 %) 30 (1.7 %)  
NSTEMI 120 (3.9 %) 94 (5.3 %)  
Unstable angina 521 (16.7 %) 384 (21.7 %)  
SAP 2435 (78.2 %) 1263 (71.3 %)  
 
POST-IT Deferred (N=473) Treated (N=376)  
Recent ACS 50 (10.6 %) 40 (10.6 %)  
Ongoing ACS 132 (27.9 %) 84 (22.3 %)  
SAP 291 (61.5 %) 252 (67.0 %)  
 
R3F Deferred (N=566) Treated (N=409)  
ACS 95 (16.8 %) 87 (21.3 %)  
SAP 471 (83.2 %) 322 (78.7 %)  
Supplemental Table 2. Clinical presentation of included patients according to each study 
 
 




N = 5129 
Treated 








MACE 164 (3.20%) 217 (6.29%) 0.54 (0.43 to 
0.67) 
<0.01  
Death   32 
(0.62%) 










120 (2.34%) 156 (4.52%) 0.58 (0.45 to 
0.75) 
<0.01  
Supplemental Table 3. Outcomes at 1 year according to FFR-guided decision making using the 
FFR cut-off 0.80 in Deferred and Treated population 
MACE means the composite of death, myocardial infarction, or any revascularization at 1 year of 
follow up. 











N = 2118 
SAP 





MACE 114 (5.38%) 267 (4.13%) 1.37 (1.08 to 
1.72) 
0.01 










80 (3.78%) 196 (3.03%) 1.30 (0.99 to 
1.72) 
0.06 
Supplemental Table 4. Outcomes at 1 year in ACS vs. SAP according to FFR-guided coronary 
revascularization using the cut-off 0.80 in ACS and SAP population. 
ACS means acute coronary syndrome; CI, confidence interval; HR, hazard ratio; SAP, stable 
angina pectoris, MACE: Major Adverse Cardiovascular Events; MI: Myocardial Infarction 
* adjusted for age, gender, diabetes, current smoking, hypertension, hyperlipidemia and previous 
MI. 
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2.2 Microvascular Disease and Clinical Outcome 
2.2.1. Publication No. 4, review article  
 
“Evaluation of Microvascular Disease and Clinical Outcomes” 
 
Broyd CJ, Echavarria-Pinto M, Cerrato E, Escaned J. Evaluation of Microvascular Disease 
and Clinical Outcomes.  
 
Interv Cardiol Clin. 2015;4(4):443-457. doi:10.1016/j.iccl.2015.06.005 
 
Summary: Currently, intracoronary wire-bases physiology indices are an excellent tool for 
the assessment of epicardial stenosis but were unable to provide accurate information on the 
microcirculation status. Differently from the large capacitance vessels of the epicardium, the 
microcirculation has a highly dynamic role in coronary blood flow and is regulated through several 
mechanisms including metabolic, myogenic, endothelial and neural components. 
For a clinical standpoint, if concomitant microvascular disease could be identified and 
quantified, a more comprehensive and accurate clinical picture could be established, helping in 
diagnostic and therapeutic process. To date there are several proposed methods to allow 
intravascular quantification of microvasculature, exploring different domains. In this review we 
summarized these techniques along with the prognostic information provided by these modalities. 
 
Reprinted by permission from Elsevier, Interv Cardiol Clin. 2015;4(4):443-457. Evaluation of Microvascular Disease and Clinical 
Outcomes. Broyd CJ, et al, Copyright © 2015 Elsevier Inc. 
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2.3 The randomize clinical trial PRotective Effect on the coronary microcirculation of 
patients with DIabetes by Clopidogrel or Ticagrelor (PREDICT) 
2.3.1. PREDICT: full English protocol and Spanish summary 
 
PREDICT trial protocol (Nº EUDRACT: 2015-003621-33) was fully drafted by myself as 
Co-Principal Investigator and by Prof. Javier Escaned as Principal Investigator. Statistical planning 
was provided by Prof. Alicia Quiros (Statistical Departlment, University of Leon).  
The protocol was granted and funded by the biopharmaceutical company AstraZeneca. The 
protocol is available at Clinical Trial website (www.clinicaltrials.gov; no. NCT02698618). 
In this part the full PREDICT protocol is reported including study definition, physiological 
indices descriptions, statistical plan and outcome measurement. 
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2.3.2 Publication No. 5, original article  
 
“PRotective Effect on the coronary microcirculation of patients with DIabetes by 
Clopidogrel or Ticagrelor (PREDICT): study rationale and design. A randomized 
multicenter clinical trial using intracoronary multimodal physiology” 
 
Cerrato E, Quirós A, Echavarría-Pinto M, Mejia-Renteria H, Aldazabal A, Ryan N, 
Gonzalo N, Jimenez-Quevedo P, Nombela-Franco L, Salinas P, Núñez-Gil IJ, Rumoroso JR, 
Fernández-Ortiz A, Macaya C, Escaned J.  
 
Cardiovasc Diabetol. 2017 May 19;16(1):68. doi: 10.1186/s12933-017-0543-5. PMID: 
28526024; PMCID: PMC5438565. 
 
 
Summary: In T2DM patients a predisposed coronary microcirculation along with a higher 
risk of distal particulate embolization during PCI increases the risk of peri-procedural 
microcirculatory damage. which has been associated with endothelial dysfunction, pro-thrombotic 
state, chronic microvascular dysfunction, increased atheroma burden, vessel wall inflammation, 
and development of vulnerable plaques prone to distal embolization6. However, new antiplatelet 
agents, in particular Ticagrelor, may protect the microcirculation through its adenosine-mediated 
vasodilatory effects7–10. The present article reported the rationale, design and protocol of the The 
PRotective Effect on the coronary microcirculation of patients with DIabetes by Clopidogrel or 
Ticagrelor (PREDICT), a prospective, multicenter, randomized, open-label study designed to 
investigate the protective effect of Ticagrelor over Clopidogrel on the coronary microcirculation 
during PCI in patients with T2DM or pre-T2DM. The primary endpoint aims to document (i) a 
decrease in coronary microcirculatory resistance caused by treatment onset (Ticagrelor > 
Clopidogrel; mechanistic effect) and (ii) a lower increase in microcirculatory resistance caused by 
PCI (Ticagrelor < Clopidogrel; protective effect). 
 
Reprinted under the terms of the Creative Commons CC BY license Cardiovasc Diabetol. 2017 May 19;16(1):68. doi: 10.1186/s12933-
017-0543-5. Broyd CJ, Echavarria-Pinto M, Cerrato E, Escaned J. Evaluation of Microvascular Disease and Clinical Outcomes. Copyright © 2017, 
Springer Nature 
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2.3.3 PREDICT: data collection, statistical analysis and results 
2.3.3.1. Study Data Collection 
The study received a grant from industry and was approved by the Ethical Committee in 
Hospital Clinico San Carlos, Madrid. The protocol was therefore implemented in three centers in 
Spain. The enrollment started in September 2016 in the coordinatedspital center in Madrid. 
Subsequently, after few months two other centers were implemented (Hospital Galdakao, Bilbao, 
H. de Cabueñes, Gijón). 
A dedicated eCRF platform was properly designed and hosted in the collaborative research 
website Cardiogroup.org. (http://www.cardiogroup.org/PREDICT: Figure 1). An external 
monitor was in charge to check completion and accuracy of the data. 






Figure 1. PREDICT electronic database platform hosted in Cardiogroup.org website 




2.3.3.3. Statistical analysis  
As recommended by the CONSORT 2010 statement11, figure 2 depicts the flow diagram of the 
study’s enrollment, showing that 25 subjects were assessed for eligibility, of whom 22 where 
randomized, half of them to Ticagrelor arm. All subjects received the intended treatment and 
completed trial medication, hence full analysis set was composed by 11 subjects (12 vessels) in 
the Clopidogrel arm and 11 subjects (11 vessels) in the Ticagrelor arm. Listwise deletion was used 
for primary endpoint analysis, in the cases in which it was not measured or a problem with the 
quality of data was detected in one of more physiological measurement, after a careful review from 
the central core lab in Hospital Clinico San Carlos, Madrid. Categorical variables are reported as 
count (percentage). Continuous variables are expressed as mean ± SD or as median (Q1 – Q3), 
according to the normality of their distribution, which will be tested with the Shapiro-Wilk test. 
All physiological indices are reported using mean ± SD regardless of the nature of their distribution 
allowing an easier comparison with other publications’ results. Bartlett’s test was performed to 
demonstrate homogeneity of variances between more than two groups. Primary endpoint was 
assessed using the Student t-test. For the analysis of secondary variables, comparisons between 
continuous variables were performed using the (paired or unpaired) Student t-test or Mann-
Whitney U test, according to te normality of their distribution and the homogeneity of their 
variances between groups. The baseline, pre-PCI, and post-PCI FFR, CFR, and IMR were 
compared with an ANOVA. Comparisons between categorical variables were evaluated using the 
Fisher exact test or the Pearson 2 test, as appropriate. Correlations between continuous variables 
were assessed using the Pearson or the Spearman rank correlation test. A two-way ANOVA was 
used to detect changes in IMR levels over time in the two study groups. Obese patients are a 
subgroup of interest and its influence on the primary variables was addresses. Statistical analysis 
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Figure 2: Study Screening log. 





The PREDICT trial study was prematurely halted because of low rate of enrollment by the 
steering committee. The reasons were many and can be summarized as follows: 
a. Refusal: patients entering in the protocol should accept to remain in-hospital for at least 
3 days to repeat cardiac catheterization finally performing PCI. Being patients referred 
for a SIHD (and not for an ACS), the length of in-hospital stay is significantly extended 
in case of entering in the protocol.  
b. Logistics: as stated above, patients must prolong in-hospital stay for at least 3 days to 
complete the protocol or alternatively had to be readmitted for a scheduled PCI. 
c. Coronary anatomy: T2DM with SIHD present most frequently with a MVD with high 
anatomical complexity. In this case they must be considered as candidates for surgical 
revascularization with Coronary Artery Bypass Grafting (CABG)1 and consequently 
they were excluded from the protocol. Even in case of stenosis deemed suitable for PCI, 
we had to exclude complex anatomical subset like LMCA stenosis, restenosis, chronic 
total occlusions etc. in order not to generate bias when assessing the microcirculatory 
status. This conditions are well known to be more frequent in T2DM patients.13 
d. Physiological assessment: when performing FFR in intermediate stenosis, a non-
ischemic value (FFR > 0.80) can be registered in up to 30% of cases and consequently 
PCI was unnecessary. 
e. Study drug: in order to maximize the enrollment, we also screened diabetic patients 
previously admitted for ACS and scheduled to perform a physiological assessment on a 
non-infarct related vessel during a staged post-dicharge procedure. However, in this case 
almost all patients were already on treatment with Ticagrelor and were therefore 
excluded from the protocol (only “naïve” patients or patients on Clopidogrel are 
admitted). This fact occurred because DAPT with use of potent P2Y12 inhibitors (as 
Ticagrelor) was recommended over Clopidogrel with a class I, level of evidence B in 
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An interim analysis was therefore performed including 22 patients / 23 vessels and the 
steering committee decided to stop the trial and report study results  
2.3.3.3.2 Final study population 
A total of 22 patients were randomized to Clopidogrel (11) and Ticagrelor (11) groups. The 
baseline characteristics of the patients are shown in Table 1. Data from a total of 23 vessels was 
observed, of which 12 corresponded to patients randomized to Clopidogrel group and 11 to patients 
in the Ticagrelor group. Vessel and treatment characteristics are summarized in Table 2. Tables 
demonstrate that randomization balanced the samples in terms of baseline clinical and vessel 
characteristics. 
 
 All patients 
(n = 22) 
Clopidogrel 




Age 69.1 ± 12.1 69.8 ± 12.6 68.3 ± 12.2 0.773 
Sex Male 17 (74%) 9 (82%) 8 (73%) 0.999 
Body mass index 29.6 ± 3.5 30.1 ± 3.1 29.1 ± 3.9 0.505 
Hypertension 19 (90%) 11 (100%) 8 (80%) 0.214 
Dyslipidemia 17 (81%) 9 (82%) 8 (80%) 0.999 
Smoker 
     Active 
     Former 














Severe Chronic kidney 
disease (eGFR<30) 
5 (25%) 3 (27%) 2 (22%) 0.999 
COPD 0 (0%) 0 (0%) 0 (0%) - 
Previous myocardial 
infarction 
3 (15%) 1 (9%) 2 (20%) 0.587 
Ejection Fraction (%) 60 (60 - 64) 60 (60 - 64.5) 60 (56.3 - 60) 0.582 
Hemoglobin (gr/dl) 13.0 ± 1.5 13.3 ± 1.3 12.7 ± 1.7 0.442 
Creatinine (mg/dl) 0.96 (0.87 - 1.13) 0.97 (0.89 - 1.15) 0.95 (0.87 - 1.02) 0.595 
MRDR 76.7 ± 29.8 73.4 ± 26.1 80.7 ± 34.9 0.612 
Glycated Hb (%) 6.8 ± 1.4 6.9 ± 1.4 6.6 ± 0.6 0.567 
Table 1 Baseline characteristics of the patients, full sample and by groups. P-values refer to group comparison. 
eGFR: estimated Glomerular Filtration Rate. Hb: Hemoglobin. 






Table 2: Vessel and treatment characteristics. Full sample and by groups. P-values refer to group comparison. LCX: 
Left Circunflex Artery; LAD: Left Anterior Descending; RCA: Right Coronary Artery.  
 
2.3.3.3.3 Intracoronary hemodynamic physiology 
 
FFR, CFR IMR were measured at enrolment, before and after PCI. From first drug administration 
to pre-PCI measurement the time on treatment was 82.2±35.6 hours without difference among 
groups (74.8±34.0 in Clopidogrel group vs 89.4±37.3 in Ticagrelor group, p=0.857) 
 All vessels 
(n = 23) 
Clopidogrel 
(n = 12) 
Ticagrelor 





































Pre-dilatation 17 (81%) 8 (67%) 9 (100%) 0.173 
Stent implanted 1 (1 – 1) 1 (1 – 1.25) 1 (1 – 1) 0.465 
Stent diameter (mm) 2.75 (2.5 – 3) 3 (2.7 – 3.1) 2.5 (2.5 – 2.75) 0.100 
Stent length (mm) 24 (15 – 32) 18 (15 – 35) 24 (19 – 32) 0.803 
Post-dilatation 
- No 
- Non-compliant balloon 














Intracoronary imaging 2 (10%) 1 (8%) 1 (11%) 0.999 
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All indices were measured with a coronary pressure/temperature wire (Certus, Abbott, St.  Paul, 
MN) as previously reported in the study protocol.  All measurements were extracted from the 
RadiAnalyzer Xpress, and all traces were analyzed offline by an independent blinded expert 
locally using RadiView Software (Abbott). A second independent operator checked all analyzed 
traces evaluating also the quality of traces and discussing with the first operator in cases of 
discordance until achieving a consensus. 
All values are shown in Table 3 and graphically represented in figures 3a (FFR), 3b (CFR) 
and 3c (IMR). While at baseline there were no differences in IMR values between groups, new 
measurement of IMR before PCI revealed significantly lower values in patients who had been 
randomized to Ticagrelor than to Clopidogrel treatment (13.71 ± 3.70 vs. 20.77 ± 5.43 
respectively, p=0.004) while not significant differences in IMR values were observed post PCI 
between study groups. No significant difference were observed in CRF values between groups at 





























(n = 12) 
Ticagrelor 
(n = 11) 
p-value 
Fractional flow reserve   
Basal 0.69 ± 0.12 0.62 ± 0.07 0.161 
Pre-PCI 0.68 ± 0.14 0.65 ± 0.07 0.501 
Post-PCI 0.89 ± 0.06 0.83 ± 0.10 0.169 
p-value <0.001 <0.001  
Coronary flow reserve   
Basal 1.50 ± 0.89 1.86 ± 0.75 0.310 
Pre-PCI 1.68 ± 0.89 1.39 ± 0.27 0.350 
Post-PCI 2.53 ± 1.59 1.85 ± 0.84 0.249 
p-value 0.103 0.246  
Index of microvascular resistance   
Basal 17.39 ± 10.03 15.67 ± 4.63 0.617 
Pre-PCI 20.77 ± 5.43 13.71 ± 3.70 0.004 
Post-PCI 17.50 ± 14.39 15.67 ± 6.39 0.725 
p-value 0.717 0.632  
Table 3: Physiology indices, measured along the study, for all the sample and by groups. P-values refer to group 
comparison. 
 




Figure 3a: Fractional Flow Reserve in patients randomized to Ticagrelor or Clopidogrel. No significant difference is 
seen in Coronary Flow Reserve between patients randomized to Ticagrelor and those randomized to Clopidogrel during 
the index (basal), pre-PCI and post-PCI measurements. Median values are denoted; the cross marks the mean value. 
Whiskers represent the minimal to maximal values with the median in between. 
 














Figure 3a: Fractional Flow Reseve in patients randomized to Ticagrelor or Clopidogrel. No significant difference is 
seen in Fractional Flow Reserve between patients randomized to Ticagrelor and those randomized to Clopidogrel during 
the index (basal), pre-PCI and post-PCI measurements (while as expected FFR significantly improved from basal to 
post-PCI in each group as reported in table 3). Median values are denoted; the cross marks the mean value. Whiskers 
represent the minimal to maximal values with the median in between. 
Figure 3b: Coronary Flow Reserve in patients randomized to Ticagrelor or Clopidogrel. No significant difference is 
seen in Coronary Flow Reserve between patients randomized to Ticagrelor and those randomized to Clopidogrel during 
the index (basal), pre-PCI and post-PCI measurements. Median values are denoted; the cross marks the mean value. 
Whiskers represent the minimal to maximal values with the median in between. 
 












Figure 3c: Index of microcirculatory resistance in patients randomized to Ticagrelor or Clopidogrel.  Significant 
difference is seen in Index of microcirculatory resistance between patients randomized to Ticagrelor and those 
randomized to Clopidogrel during the pre-PCI measurement while no differences are present at basal and post-PCI. 
Median values are denoted; the cross marks the mean value. Whiskers represent the minimal to maximal values with the 
median in between. 






2.3.3.3.4. Primary endpoints 
A. Decrease in microcirculatory resistance caused by treatment onset. 
Define 
IMR	 = IMR	 − IMR 
IMR	 was significantly different between groups (Clopidogrel: 4.97 ± 8.4; Ticagrelor: -2.36 
± 4.6; -value = 0.039). Figure 4, left panel shows IMR	 for Clopidogrel and Ticagrelor 
groups.  
A decrease in IMR	 (IMR	 < 0) was observed in 3 (33%) vessels in Clopidogrel group, 
and in 5 (55%) vessels in Ticagrelor group (-value = 0.637).  
 
B. Increase in microcirculatory resistance caused by PCI. 
Define 
IMR = IMR − IMR	 
IMR was not significant different between groups (Clopidogrel: -2.27 ± 20.29; Ticagrelor: 
1.32 ± 6.87; -value = 0.647). Figure 4, right panel shows IMR for Clopidogrel and 
Ticagrelor groups. An increase in IMR (IMR ≥ 0) was observed in 1 (12.5%) patient in 
Clopidogrel group, whereas it is observed for 4 (50%) patients in Ticagrelor group (-value =  





C. High microcirculatory resistance (IMR >29) at baseline and before PCI. 
At baseline, there were 2 patients with high microcirculatory resistance, all in Clopidogrel 
group. After treatment, and before PCI, all patients showed IMR≤29, except for one patient in 
Clopidogrel group. 
 
2.3.3.3.5 Secondary endpoints  
A. Myocardial necrosis associated with PCI damage, assessed by cardiac biomarkers. 
PCI-related myocardial infarction is defined as post-procedural increase in Troponin more 
than 5 times the 99th percentile of the upper reference limit for patients with baseline negative 
Figure 4: Primary endpoints. Difference in IMR from basal to pre-PCI (PRE) and from pre-PCI to post-PCI (POST), 
colored by treatment group. 
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myocardial necrosis markers or an increase in CK-MB more than the 99th percentile of the upper 
reference limit. 
Eleven patients showed MI post PCI, 6 of them from Clopidogrel group and 5 of Ticagrelor 
group, not revealing significant differences (p-value = 0.487). 
 
B. Absolute resistance value after PCI. 
There were no significant differences between IMR post PCI between groups as shown in 
Table 3. 
 
2.3.3.3.6. Subgroup analysis: obesity 
Four obese patients were assigned to each group. One of the obese patients, of Clopidogrel 
group, presented two diseased vessels. Only for the basal IMR measurement, a trend to higher 
values of IMR was observed for higher values of BMI (r = 0.479, p-value = 0.033). Nevertheless, 
ΔIMR were similar for obese patients than for non-obese patients. 
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Since the publication of the articles collected in the present thesis, further researches and 
investigations on each topic has taken place thanks to the effort made worldwide by other research 
groups. In this section we provide a summary of these novel findings, allowing also to better 
understand the contribution made by our research to the advancement in knowledge. 
 
 
 Intracoronary physiology in three-vessel disease: Simplified hybrid algorithms for 
pressure wire interrogation exploiting advantages of a baseline and contrast Pd/Pa ratio 
indexes to predict stenosis significance (Publication Number 1 in the thesis, par. 2.1.1.) 
 
Maximal hyperaemia is the crucial prerequisite to assess FFR correctly. However, despite 
evidence and recommendations from guidelines, use of FFR is far from being frequent1 and the 
need for administering adenosine is one of the reasons for this underutilization. Data from the 
DEFINE FLAIR and iFR Swedeheart trials2,3 have demonstrated that a non-hyperemic resting 
indices like iFR-guided strategy constitutes an alternative to FFR interrogation, delivering 
consistent patient outcomes at one year of follow-up while significantly reducing patient 
discomfort, procedural time, and costs and allowing multiple vessels interrogation without need of 
adenosine administration saving time and costs. However, some physicians do not still have access 
to this technology mainly because it depends from the use of a dedicated guidewire and console. 
In these cases, other indexes like resting Pd/Pa ratio, universally available in any pressure wire 
console, could be an alternative to FFR also combined along with FFR in hybrid diagnostic flow-
charts. For these aforementioned reasons, alternative ways to circumvent the need for adenosine 
were required to increased adoption of physiology, especially at the time when our trial was 
planned.  For this reasons we designed the multicenter prospective SPARE trial (SimPlified Hybrid 
Algorithms for pressure wire interrogation exploiting advantages of a baseline and contrast Pd/Pa 
ration index to predict stenosis significance) included in the present thesis aiming: 
i. to test and compare the accuracy of Pd/Pa and contrast medium injection (cFFR) to 
FFR; 
ii. to test the agreement between an FFR-only strategy and both the previously proposed 
hybrid Pd/Pa-FFR4 and cFFR-FFR5 algorithms; and 
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iii. to test and compare the efficiency of three different multi-step hybrid algorithms 
(Pd/Pa-FFR; cFFR-FFR and a novel Pd/Pa-cFFR-FFR) in terms of agreement with 
an FFR only-strategy (cut-off value of ≤ 0.80) evaluating the proportion of patients 
free from adenosine and additional medium contrast administration. 
We found that a simple algorithm to interrogate coronary stenosis with pressure guidewires, 
applicable to any available FFR system and consisting of sequential measurements of the 
translesional pressure ratio (at baseline, contrast-induced and during hyperemia), reduces 
dramatically the need of hyperemic agents for physiological interrogation whilst maintaining an 
high classification agreement with FFR as reference. 
All previous findings were confirmed by the present study as a hybrid Pd/Pa-FFR strategy 
would be potentially able to avoid adenosine administration in 47% of patients, whereas a cFFR-
FFR strategy in 86% of them maintaining an high classification agreement (>95% for both) with 
FFR. Moreover, we actually expand previous finding proposing to integrate these methodologies 
into a novel three steps strategy (Pd/Pa-cFFR-FFR) demonstrating that the use of adenosine might 
be unavoidable in a very small proportion of cases (10% of patients), thus leading to a reduction 
in adenosine-related drawbacks as well as to an accelerated functional assessment process making 
the physiologic evaluation of coronary stenosis simpler and more widespread than nowadays 
maintaining an high classification agreement. In a recent systematic review and meta-analysis5 on 
adenosine-free indexes, cFFR showed an high correlation, predictivity and accuracy when FFR in 
used as reference (area under curve for accuracy of cFFR = 0.95; 95%CI 0.94–0.96) and it was 
significantly higher compared to Pd/Pa (0.86; 95%CI 0.80–0.93) confirming the potential 
advantage of our step-by-step algorithm to properly interrogate a stenisis with minimal use of 
contrast and adenosine. 
This attitude is currently embraced by many researchers as, in the last years, several Resting 
non-hyperemic pressure ratios (NHPRs)6 have been introduced with iFR being the first (and, 
currently, the only one) index validated2,3 in clinical trials. Other NHPRs have become 
commercially available, such as the diastolic hyperemia-free ratio (Boston Scientific, 
Marlborough, Massachusetts), diastolic pressure ratio (Opsens Medical, Quebec, Quebec, 
Canada), and resting full-cycle ratio (Abbott, Abbott Park, Illinois). These NHPRs are also 
proprietary and can be used only with the software provided by the vendors. In comparison, our 
study proposed a hybrid flow-chart that is actually feasible with any software or console being 
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universally available the Pd/Pa ratio, the cFFR and FFR. In any case, the widespread of such 
hybrids multistep protocols or different NHPRs will finally result in wider adoption of physiology-
guided PCI worldwide ultimately leading to a better patient care.  
 
 Intracoronary physiology and imaging in Left Main Coronary Artery disease (Publication 
Number 2 in the thesis, par. 2.1.2.). 
In this study was performed a systematic review on the safety of LMCA stenosis deferral 
based on IVUS or FFR. The main finding is that the safety of LMCA revascularization deferral 
based on IVUS or FFR seems to be associated with a similar risk of MACE at medium term being 
the per year of follow-up occurrence of overall MACE 5.1% (95% CI 1.9-8.2) in the FFR group 
and 6.4% (95% CI 3.1-9.7) in the IVUS group. Moreover, several different clinical and anatomical 
conditions related to each technique showed an interaction with outcome. This work represents to 
the best of our knowledge the first objective and quantitative comparison between the two 
available adjunctive invasive diagnostic tools recommended in clinical guidelines for ambiguous 
LMCA assessment. 
Potential drawbacks related to FFR and IVUS use in LMCA were disclosed in our study. 
Among all predictors, for example, the use of lower doses of intracoronary adenosine (OR 1.39 
[1.02 -1.89]; 95% CI, p = 0.041) resulted as independent predictors of MACE in FFR studies while 
plaque burden at the MLA site (OR 1.34, 95% CI 1.03 – 1.73; p=0.025) resulted as independent 
predictors of MACE in IVUS. 
Regarding IVUS, although different MLA cut-offs were used across the studies, we observed 
that the rate of MACE was similar between studies that used a larger and smaller MLA cut-off: 
6.2% and 5.6% for studies with MLA cut-off = 6 mm  vs. 5.1% for MLA cut-off = 7.5 mm).  
Although a MLA of 6 mm2 has been shown to be a valid cut-off for clinical decision making and 
has been used also in the EXCEL trial7, it is reasonable that a lower cut-off value of even 4.5 mm2 
for the MLA may translate into acceptable similar long-term clinical outcomes especially in 
relation with ethnicity and body mass index8. A previous U.S. study9 reported a cut-off value of 
5.9 mm2 (sensitivity, 93%; specificity, 94%) for an FFR < 0.75. Conversely in LITRO study10 
36% of the patients with an LMCA-MLA <6.0 mm2 showed an FFR > 0.80 and they are at risk of 
undergoing unnecessary treatment. Finally, among the 54 LMCA lesions with MLA > 4.5 mm2, 
13 (24.1%) had an FFR of <0.8011,12 





Integrating together imaging and physiology in LMCA assessment 
 On the ground of these data, in 2019, the expert consensus13 document of the European 
Association of Percutaneous Cardiovascular Interventions has proposed a two-steps diagnostic 
flow chart in order to integrate the use of imaging (IVUS) and physiology during the assessment 
of an intermediate LMCA stenosis (Figure 1). Since in our study several different variables related 
to each technique showed an interaction on outcome, an approach combining both anatomical and 
functional information is most likely the safer approach be kept in mind when approaching the 
evaluation of an ambiguous LMCA. 






Role of the iFR in LMCA assessment 
 The iFR could potentially simplify the functional assessment of stenosis severity in the 
LMCA mainly to avoid adenosine drawbacks in case of bifurcation stenoses, where multiple 
measurements are often performed in both daughter branches and a pullback recording should be 
 
Figure 1. A schematic representation of the diagnostic flow-chart suggested in the expert consensus 
document.  In cases of Minimal Lumen Area (MLA) between 4.5 and 6.0 mm2, operator should be 
considered a physiology assessment to interrogate the stenosis... Reproduction with permission from 
Johnson TW, et al. Eur Heart J 2019 Aug 14;40(31):2566-2584 
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performed to confirm the localization of the LMCA stenosis and exclude the influence of others 
downstreams stenosis14 
In a study15 including 90 LMCA intermediate stenosis, iFR showed an excellent diagnostic 
performance to identify significant stenoses using the established FFR cutoff of 0.8 (AUC = 0.84; 
p < 0.001; sensitivity of 80% and a specificity of 78%.). The study demonstrated that the 
assessment of LMCA stenoses with iFR is a reliable adenosine-free alternative but was not 
powered to validate an iFR diagnostic cutoff for the LMCA and did not aim to evaluate the clinical 
outcome of an iFR-guided PCI strategy. Notably, the classification agreement between the iFR and 
the FFR was recorded in 81% of case. To this regard, the ongoing iLITRO study (ClinicalTrial.gov 
NCT03767621) will provide additional information on the diagnostic concordance between the 
iFR and the FFR in this setting 
The only dedicated study to date is the DEFINE LM registry16. This multicenter 
observational study included patients in whom LMCA stenosis was deferred (51.9%) or 
revascularized (48.1%) according to an iFR cutoff of 0.89. At a median follow-up period of 30 
months, the primary endpoint occurred in 15 patients (9.2%) in the deferred group and 22 patients 
(14.6%) in the revascularized group without differences (HR: 1.45; 95% CI: 0.75-2.81; p = 0.26), 
thus indicating that deferral of revascularization of LM stenosis on the basis of iFR appears to be 




 Safety of NCL deferral in ACS setting (Publication Number 3 in the thesis, par. 2.1.3.) 
In our study we compare the outcomes of FFR-guided revascularization or deferral of 
vascularization in patients with SAP and ACS NCL in a large database encompassing individual 
data from 8,579 patients from 3 registries and 2 RCT. In a total of 5129 patients (22.7% presenting 
with ACS and 77.3% presenting with SAP) revascularization was deferred. Deferral was 
significantly more common in the SAP group compared with the ACS group (61% vs. 55%; p < 
0.01). The primary composite outcome (the 1-year incidence of MACE, a composite of death, 
nonfatal myocardial infarction, or unplanned revascularization procedures) occurred significantly 
more often in deferred patients with ACS compared with patients with SAP (4.46% vs. 2.83%; p 
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< 0.01). This finding remained statistically significant after adjusting for potential confounders 
(hazard ratio: 1.72; 95% CI: 1.17 - 2.53; p < 0.01) The difference in MACE was driven mainly by 
unplanned revascularization procedures (ACS 3.34% vs. SAP 2.04%; p = 0.02). In patients who 
underwent revascularization on the basis of FFR ≤0.80, MACE rates were numerically higher 
compared with those among deferred patients, with no difference in MACE at 1-year follow-up 
between the ACS and SAP groups (6.51% vs. 6.20%; adjusted HR: 1.21; 95% CI: 0.88 to 1.26; p 
= 0.24). The main findings of our study is that. 
Along with the publication of our paper, an editorial by Claessen and Van Wijk was 
published in the same Journal in which they recognized the importance of the paper as well as they 
stressed some methodological issues of the work. Firstly, because of different definitions of clinical 
presentation in the participating studies, it was not possible to identify patients presenting with 
ACS-NSTEMI, ACS-STEMI, or unstable angina in the overall dataset, precluding subgroup 
analyses in these distinct types of ACS. This is relevant because differently from SAP setting, 
there are many potential causes that can lead to an increased risk of events in case of FFR 
interrogation during ACS and some of them could potentially be more or less marked according 
to the ACS type. For example, as reported by other authors, occasional misdiagnosis of the culprit 
stenosis could have occurred during the acute decision making process, especially in ACS-
NSTEMI while is very uncommon in STEMI. This is relevant because previous research exploring 
the culprit vessel in the early post-STEMI phase showed dynamic changes in the infarcted 
myocardial bed associated with a non-quiescent microvascular hyperemic response and hyperemic 
flow secondary to thrombus embolization, coronary vasospasm, endothelial dysfunction, vascular 
stunning, intramyocardial hemorrhage etc. However, these phenomenona primarily described for 
ACS-STEMI was also reported for NSTEACS due to embolisation of active plaque material or 
thrombotic material. Consequently, we have to recognize this limitation due to the attempt of 
merge together the largest evidence available from different studies and we cannot provide any 
exploratory analyses in this setting precluding any conclusions regarding the need for greater 
attention in the course of different type of ACS. Additionally, if a patient needed unplanned 
revascularization during follow-up, it was not possible to ascertain whether this event was related 
and the collection of lesion location and subsequent percutaneous coronary intervention location 
during follow-up would have added valuable additional insights. Finally, the findings of our study 
refer to the use of FFR as a physiological index and cannot be applied to NHPRs used to assess 
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NCL in patients with ACS. Despite these limitations, Claessen and Van Wijk17 recognized the 
value of our study being to date the largest individual patient database exploring the FFR 
performance in ACS. Consequently, someone might be wondering is the FFR is the best modality 
for the evaluation of NCL during ACS or if we have other alternatives.   
As previously reported by other investigators18,19, the accuracy of FFR in predicting 
outcomes among patients with ACS may not be equivalent to FFR when applied in SAP patients. 
Mechanistically, this can be explained by a failure to achieve maximal hyperemia during ACS 
(which is associated with a rise in zero flow pressure and left ventricular filling pressures, enhanced 
sympathetic drive and blunted coronary vasodilation) because of transient impairment of the 
microcirculation20–25. Notably, decreased CFR after an acute MI involves both culprit and NCL, 
owing to the combination of post-occlusive hyperemia, myocardial necrosis, hemorrhagic 
microvascular injury, compensatory hyperkinesis, and neurohumoral mechanisms. 
On the matter of fact, in a recently published research26 after successful primary PCI, NCL 
hemodynamic measurements were performed and repeated at 1-month follow-up. The total 
number of hemodynamically significant FFR (defined as ≤0.80) values was 11 (15.1%) at the acute 
moment vs 19 (26.0%) at 1-month follow-up (P = 0.06). Conversely, iFR remained constant as the 
total number of hemodynamically significant iFR value (≤0.89) was 17 (23.3%) at the acute 
moment vs 14 (19.2%) at 1-month follow-up (P = 0.58). Therefore, this study provides new 
evidence supporting the hypothesis that FFR measurements in the acute setting of ACS may lead 
to misclassification of the severity of NCL in up to 15% of cases, compared with subacute FFR 
measurements. On this topic, a combined analysis27 of the DEFINE-FLAIR and iFR-
SWEDEHEART trials showed that the 1-year MACE rate was numerically lower in deferred 
patients with ACS in the iFR arm compared with the FFR arm although without reaching a 
statistical significant value (n =12, 5.42% vs. n=14, 6.42%; p value NS).  
In conclusion, our study provides useful insights into clinical outcomes after FFR-guided 
deferral of revascularization for patients with ACS but it should not limit the implementation of 
physiology in this important subset of patient in which presence of bystanders NCL is common 
and a proper classification of any residual intermediate stenosis could help physician in avoiding 
unnecessary PCI. Consequently, studies properly designed to confirm our findings and to assess 
differences among hyperemic or NHPRs in the setting of ACS should be object of future trials. 
 





 PRotective Effect on the coronary microcirculation of patients with DIabetes by Clopidogrel or 
Ticagrelor (PREDICT): study rationale and design. A randomized multicenter clinical trial using 
intracoronary multimodal physiology (Publication Number 5 in the thesis and PREDICT trial 
results, par. 2.3.) 
PREDICT is the first randomized trial to compare in patients with DMT2 the effect on the 
coronary microcirculation of Ticagrelor vs Clopidogrel. The study was conducted in patients with 
SIHD using multimodal physiology assessment, performed both before and after PCI with DES 
implantation. Although the trial was stopped prematurely due to slow patient enrolment, valuable 
insights on the effect of Ticagrelor on the coronary circulation of diabetic patients were obtained. 
The main findings could be summarized as follows: 
1. In diabetic patients, the administration of Ticagrelor was associated to a significant 
decrease in microcirculatory resistance (delta-IMR) that was not observed in the 
Clopidogrel group.  
2.  As a result of this effect, as soon as 48 hours after initiation of treatment, IMR values were 
significantly lower in patients treated with Ticagrelor than with Clopidogrel. 
3. Treatment with Ticagrelor was not associated to significant changes in microcirculatory 
resistance values over PCI, compared with Clopidogrel. 
 
Several groups of investigators have found IMR to be an independent predictor of long-term 
survival in ACS patients undergoing PCI28–30 and recently two RCT trials reported on this topic. 
Overall, the information obtained in these studies is in agreement with the results of the PREDICT 
trial. Furthermore, some of the original observations made in our study complement those made 
by other authors using different study designs. This is because PREDICT is the only study that has 
focused on patients with DMT” and that has measured the effect of treatment initiation of 
Clopidogrel and Ticagrelor on microcirculatory resistance. 
The reducing Micro Vascular Dysfunction in Revascularized STEMI Patients by Off-target 
Properties of Ticagrelor (REDUCE-MVI)31 randomized 110 patients with STEMI to receive a 
loading dose of Ticagrelor and a maintenance dose of Ticagrelor (n=56) or Prasugrel (n=54) after 
primary percutaneous coronary intervention (PPCI). The primary outcome was coronary 
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microvascular injury at 1 month, as determined with the IMR in the infarct-related artery. 
Cardiovascular magnetic resonance (CMR) imaging was performed during the acute phase and at 
1 month and also plasma level of adenosine was tested in both groups. 
Differently from PREDICT, microvascular function was assessed in the ACS setting, after a 
successful PPCI and after one month. Therefore, no data regarding the immediate effect of 
Ticagrelor vs. Clopidogrel on microcirculation before PCI are available for comparison. According 
to REDUCE-MVI primary outcome, IMR was not superior in Ticagrelor or Prasugrel-treated 
patients (21 [IQR 15–39] vs. 18 [IQR 11–29], respectively;  p=0.08). This finding is similar to 
PREDICT, with no differences in IMR measured post-PCI in Ticagrelor or Clopidogrel group 
(15.67 ± 6.39 vs. 17.50 ± 14.39 respectively; p=0.725). We can hypothesize that downstream 
embolization of microthrombi or atheroma dislodged from the coronary stenosis as a result of its 
manipulation during PCI create a notable damage of microcirculatory status without significant 
differences related to P2Y12 of choice. Additionally, no significant differences in recovery of the 
microcirculatory status was reported within the first month. No difference in infarct size was 
observed at CMR imaging among two drugs as well the occurrence of microvascular obstruction 
was not different in patients on Ticagrelor or Prasugrel (28% vs. 41%; p=0.35). Plasma adenosine 
concentrations were not different during the index procedure and during maintenance therapy with 
Ticagrelor or Prasugrel. However as specified by authors, measurement of endogenous plasma 
concentration is very challenging because of the extremely short half-life of adenosine and rapid 
cellular uptake. 
Another group recently reported results from the PLEIO trial32 (Comparison of Ticagrelor 
and Clopidogrel on Microcirculation in Patients with Acute Coronary Syndrome). Following a PCI 
performed in a ACS culprit vessel, FFR, CFR and IMR were measured in the same artery at the 
end of PCI and repeated after 6 months of Clopidogrel or Ticagrelor therapy (1:1 randomization). 
As in REDUCE-MVI and PREDICT, no differences were found immediately after PCI, 
Interestingly, compared with Clopidogrel, 6-months treatment with Ticagrelor was associated with 
a more favorable changes in the microcirculation subtended to the ACS culprit vessel. IMR value 
was significantly lower in the Ticagrelor group than the Clopidogrel group (15.57±5.65 versus 
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21.15±8.39, p<0.01), and CFR was higher in the Ticagrelor group than in the Clopidogrel group 
(3.85±0.72 versus 3.37±0.76, p<0.01).  
Conversely, few studies currently explore the role of Ticagrelor in producing microvascular 
modification in SIHD. Recently an RCT trial from Korea reported a cohort of 61 patients admitted 
for stable angina without non-significant coronary artery disease and randomized in a 1 : 1 : 1 ratio 
to receive drugs for at least 7 days: (i) Ticagrelor 180 mg loading and then 90 mg twice daily (n = 
22), (ii) Ticagrelor 180 mg loading and then 45 mg twice daily (n = 19), or (iii) Clopidogrel 300 
mg loading and then 75 mg once a day (n = 20). Multimodal coronary physiology (including FFR, 
CFR and IMR) was performed once at time of coronary angiography after excluding presence of 
significant CAD. The study included also 30% of patients with T2DM. There was no difference in 
the FFR between both the groups. CFR was not significantly different in both the groups (2.0 [IQR, 
0.7 - 5.5] vs.1.85 [IQR, 1.13 - 3.60], p = 0.731) while IMR was significantly lower in patient group 
receiving Ticagrelor than Clopidogrel group (15.0 [IQR, 12.00 - 21.00] vs. 47.5 [IQR, 20.75 - 
67.50], p = 0.014). This result is in line with PREDICT even if a part of the population received a 
lower dose of Ticagrelor and IMR was widely distributed with higher level in Clopidogrel vs 
Ticagrelor group. Unfortunately, this trial does not include a follow-up assessment of the same 
parameters precluding any speculation on microcirculatory changing over a longer period of 
Ticagrelor treatment. On the matter of fact, while in PREDICT we could not detect any protective 
benefit of Ticagrelor therapy in periprocedural changes of microcirculatory resistance, compared 
with Clopidogrel, it remains plausible that the lower microcirculatory resistances documented 
following instauration of Ticagrelor treatment might have a salutary effect in patients with SIHD 
chronically treated with this antiplatelet agent.  
 
Interesting data on this topic will be surely provided in the next future from the ongoing 
TAPER-S trial33 (Ticagrelor and preconditioning in patients with stable coronary artery disease) 
This is a prospective, open-label, pilot study that enrolled patients with stable multivessel CAD 
requiring staged FFR-guided PCI. Participants will be randomized in 1:1 ratio either to Ticagrelor 
or to Clopidogrel from 3 to 1 days before the scheduled PCI. The primary endpoint is the delta 
(difference) between ST segment elevations (in millimeters) as assessed by intracoronary 
electrocardiogram (ECG) during the two-step sequential coronary balloon inflation in the target 
vessel. Secondary endpoints included changes in CFR, IMR and FFR at the end of PCI. This study 
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started in 2018 with the aim of enroll 60 patients for evaluate the primary endpoint and the 
estimated study completion is expected within 202034. 
 
Summarizing available data, we can draw some hypothesis regarding potential 
microcirculatory status produced by Ticagrelor administration in comparison to other P2Y12 
without the property of blocking the equilibrative nucleoside transporter-1 receptor: 
a. The effect in terms of lowering the microcirculatory resistance seems to start early after 
drug administration in patients presenting with SIHD while no differences observed in 
terms of CFR improvement; 
b. Immediately after PCI and within the first month, no differences were recorded 
comparing Ticagrelor-treated patients vs. Clopidogrel or Prasugrel treatment in both 
ACS and SIHD 
c. Compared with Clopidogrel, 6 months of Ticagrelor therapy significantly improved 
microvascular dysfunction (lower IMR and higher CFR) in patients initially admitted for 
an ACS and treated with PCI and stents 
 
 
From physiology to clinical outcome 
 
The favorable effect of Ticagrelor on microcirculation may explain the improved clinical 
outcome seen in clinical trial. Recently the THEMIS RCT trial35 enrolled more than 19,000 
patients 50 years of age or older with SIHD and T2DM  without a history of myocardial infarction 
or stroke randomized to receive either Ticagrelor plus aspirin or placebo plus aspirin. Patients 
included are at high risk of CV events, defined as previous history of PCI or CABG or angiographic 
evidence of >50% stenosis of at least 1 coronary artery 
The study reported a lower incidence of ischemic cardiovascular events in Ticagrelor plus 
aspirin group (7.7% vs. 8.5%; HR = 0.90; 95% CI 0.81-0.99; p = 0.04), whereas the incidence of 
major bleeding was higher (2.2% vs. 1.0%; HR 2.32; 95% CI 1.82-2.94; p<0.001) as was the 
incidence of intracranial hemorrhage (0.7% vs. 0.5%; HR 1.71; 95% CI, 1.18-2.48; p = 0.005). For 
this reason, for patients with T2DM and known coronary disease who fit the THEMIS enrollment 
criteria, the addition of Ticagrelor to aspirin is to date not recommended36. However in a 
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prespecified analysis of THEMIS (THEMIS-PCI37) patients with SIHD and T2DM who have a 
history of previous PCI showed a significant benefit from adding Ticagrelor on top of aspirin. 
Given the favorable effect on microcirculation network of Ticagrelor, future studies should 
be done in SIHD to test the efficacy of a single APT strategy with Ticagrelor at standard or low 
dose in reducing ischemic events without the risk of increase bleedings. This should be particular 





Even fully recognizing the limitation of our result obtained without reaching the planned 
sample size, all investigators agreed in reporting the current analysis considering several important 
reasons. First of all, as mentioned in the discussion, while some studies were published in ACS 
setting, very few data are available regarding physiological consequence of administering 
Ticagrelor in a T2DM patients presenting with SIHD. Having the privilege of collecting and 
analyzing such data and having observed a significant difference in one of the primary endpoints 
even without collecting the planned sample size, we judged our result worthy of being reported. 
Secondly, others studies performed in ACS setting suffered the same difficulties in recruiting 
patients with a large part of them excluded due to the inherent complexity of any study designed 
to perform multiple invasive interrogation of microcirculation31. Finally, we hope that our findings 





Las conclusiones de la tesis, a partir de los trabajos de investigación realizados con fisiología 
coronaria en escenarios clínicos y angiográficos complejos e incluyendo los resultados del 
ensayo clínico randomizado PREDICT son las siguientes: 
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 Durante los últimos años ha aumentado de forma significativa la evidencia científica  
respaldando la fisiología intracoronaria para la toma de decisiones clínicas en el 
contexto del tratamiento de la enfermedad coronaria; 
 No obstante, existen distintos escenarios clínicos en los que no hay suficiente evidencia 
científica o el papel de la fisiologia está menos establecido; 
 En el contexto de la enfermedad multivaso de las arterias coronarias, o en otras 
situaciones en las que se requieran múltiples mediciones fisiológicas intracoronarias  o 
deba evitarse la administración de adenosina, pueden considerarse estrategias  
alternativas al FFR para la valoración funcional de las estenosis coronarias. Hemos 
demostrado que el uso de algoritmos híbridos que combinan la relación de presiones 
translesionales (Pd / Pa) obtenida en reposo, tras la inyección de medio de contraste 
(cFFR) y, finalmente, durante hiperemia, permiten alcanzar un rendimiento diagnóstico 
similar al del FFR, disminuyendo de forma dramática el uso de adenosina y/o contraste 
como agentes hiperémicos; 
 Diferir la revascularización coronaria en el contexto de una estenosis moderada del 
tronco común izquierdo basado en mediciones realizadas con FFR o con ultrasonido 
intravascular (IVUS) se asocia a medio plazo, con un riesgo de eventos aceptable y 
similar en un seguimiento a medio plazo, aunque se ha demostrado que son diferentes 
las características clínicas y anatómicas específicas que pueden comprometer la 
fiabilidad de cada técnica; 
 La enfermedad coronaria multivaso es común en pacientes con síndrome coronario 
agudo (SCA). Diferir la revascularización de estenosis en arterias no culpables de un 
SCA en base a mediciones de FFR se asopcia a una mayor incidencia de eventos 
cardiovasculares mayores (MACE) cuando se compara con diferir la revascularización 
en el contexto de la angina estable en base al FFR. La revascularización no planificada 
dentro de los primeros meses es el factor que contribuye de forma más significativa al 
mayor número de eventos cardiovasculares documentado en los pacientes con SCA y 
enfermedad multivaso; 
 Los índices fisiológicos basados en el cociente de presiones coronarias permiten 
evaluar la severidad de las estenosis epicárdicas, pero no proporcionan información 
sobre el estado de la microcirculación. A diferencia de los grandes vasos de 
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capacitancia del epicardio, la microcirculación tiene un papel dinámico en el flujo 
sanguíneo coronario, basado en la regulación constante de su resistencia a través de 
varios mecanismos que incluyen componentes metabólicos, miogénicos, endoteliales y 
neurales. Desde el punto de vista clínico, el conocimiento completo de todos los índices 
fisiológicos para identificar y cuantificar la presencia de disfunción microcirculatoria 
es fundamental para poder obtener información pronóstica; 
 El estudio PREDICT (PRotective Effect on the coronary microcirculation of patients 
with DIabetes by Clopidogrel or Ticagrelor) es el primer ensayo aleatorizado que 
compara el efecto sobre la microcirculación coronaria del fármaco antiplaquetario 
Ticagrelor frente al fármaco Clopidogrel en el contexto de la cardiopatía estable en el 
paciente con diabetes mellitus antes y después de revascularización coronaria con uso 
de stents. Los resultados del estudio muestran que en pacientes diabéticos, la 
administración de Ticagrelor se asoció a una disminución significativa de la resistencia 
microcirculatoria (evaluado por el índice IMR) que no se observó en el grupo de 
Clopidogrel. Como resultado de este efecto, tan pronto como 48 horas después del 
inicio del tratamiento, los valores de IMR fueron significativamente más bajos en los 
pacientes tratados con Ticagrelor que con Clopidogrel. Por el contrario, el tratamiento 
con Ticagrelor no se asoció a cambios significativos en los valores de resistencia 
microcirculatoria durante la angioplastia coronaria, en comparación con Clopidogrel. 






The conclusions of the thesis, based on the research work carried out with coronary physiology 
in complex clinical and angiographic settings and including the results of the PREDICT 
randomized clinical trial, are the following: 
 
 
Implementation of Coronary Physiology in complex clinical and angiographic scenarios 
202 
 
 In the recent years, a growing body of evidence supports the use of intracoronary 
physiology for clinical decision-making in the context of the treatment of coronary 
disease. 
 Nevertheless, there are still a paucity of data regarding the safety of revascularization 
deferral on the ground of intracoronary physiology in specific anatomical and clinical 
complex subset of patients in which the role of physiology is less established. 
 In the context of MVD, or in other situations where multiple intracoronary physiologic 
measurements are required or administration of adenosine should be avoided, 
alternative strategies to FFR may be considered for the functional assessment of 
coronary stenosis. We have shown that the use of hybrid algorithms that combine the 
translesional pressure ratio (Pd / Pa) obtained at rest, after injection of contrast medium 
(cFFR) and, finally, during hyperemia, allow to achieve a diagnostic performance 
similar to FFR, dramatically reducing the use of adenosine and / or contrast as 
hyperemic agents; 
 Deferring coronary revascularization in the context of intermediate LMCA stenosis 
based either on FFR or IVUS is associated with an acceptable and similar risk of events 
at mid-term follow-up. Notably, several different clinical and anatomical conditions 
related to each technique showed an interaction with outcome. 
 MVD is common in patients with ACS. Deferring revascularization of a non-culprit 
stenosis using FFR in the setting of ACS is associated with a higher incidence of major 
cardiovascular events (MACE) when compared to deferring revascularization in the 
setting of stable angina based on FFR. Unplanned revascularization within the first few 
months is the factor that contributes most significantly to the highest number of 
documented cardiovascular events in patients with ACS and MVD. 
 Physiological indices based on coronary pressure make it possible to assess the severity 
of epicardial stenosis, but do not provide information on the state of microcirculation. 
Unlike the great capacitance vessels of the epicardium, microcirculation has a dynamic 
role in coronary blood flow, based on the constant regulation of its resistance through 
various mechanisms including metabolic, myogenic, endothelial, and neural 
components. From the clinical point of view, the complete knowledge of all the 
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physiological indices to identify and quantify the presence of microcirculatory 
dysfunction is essential to be able to obtain prognostic information. 
 The PREDICT trial (PRotective Effect on the coronary microcirculation of patient with 
DIabetes by Clopidogrel or Ticagrelor) is the first randomized trial to compare the 
effect on coronary microcirculation of the antiplatelet drug Ticagrelor versus the drug 
Clopidogrel in the context of stable heart disease in patients with diabetes mellitus 
before and after coronary revascularization with stents. The results of the study show 
that in diabetic patients, the administration of Ticagrelor was associated to a significant 
decrease in microcirculatory resistance (delta-IMR) that was not observed in the 
Clopidogrel group. As a result of this effect, as soon as 48 hours after initiation of 
treatment, IMR values were significantly lower in patients treated with Ticagrelor than 
those treated with Clopidogrel. In contrast, Ticagrelor treatment was not associated 
with significant changes in microcirculatory resistance values during coronary 
angioplasty, compared to Clopidogrel. The validity of these results requires further 
studies with large population sizes.  
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